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1.  PROJECT  GOALS  AND  OBJECTIVES 

The  main  project  goals  include  the  establishment  and  strengthening  of 
research/educational  infrastructures  at  minority  institutions  that  are  relevant  to  DOD 
scientific/technological  missions.  Specific  project  objectives  include  the  investigation  and 
development  of  novel  and  improved  organic  and  polymeric  electro-active  materials  for 
efficient  opto-electronic  (OE)  (such  as  photovoltaic)  and  electro-optical  (EO)  (such  as 
nonlinear  optical)  applications. 

2.  PROJECT  EXECUTIVE  AND  STATUS  OVERVIEW 

During  the  three-year  project  performance  period,  three  tenure-track  faculty,  over 
three  research  faculty,  and  over  10  graduate/undergraduate  students  have  been  partially 
supported  from  this  project.  One  patent  relevant  to  the  project  has  been  filed  and 
published,  five  master’s  degree  theses  relevant  to  this  project  have  been  defended,  nearly 
30  publications  (including  a  PI  edited  book  titled  “Organic  Photo voltaics:  Mechanisms, 
Materials  and  Devices”)  have  been  published  and  is  in  the  process  of  publication,  and  over 
20  presentations  (including  invited  lectures/seminars)  have  been  delivered  at  top 
international  level  scientific  communities  and  federal/sponsoring  agencies.  In  addition, 
during  the  performance  period,  the  PI  and  other  key  faculty  involved  in  this  project 
participated  and  successfully  won  additional  major  grant  awards  from  other  flmding 
agencies  such  as  NSF  (Center  for  Photonic  Materials  Research),  and  NASA  (Center  for 
Research  and  Education  in  Advanced  Materials).  The  PI  won  another  MDA/NASA  grant 
titled  “Development  of  a  High  Efficiency  and  Light  Weight  Photovoltaic  Device”.  Several 
instruments  that  are  relevant  to  this  project  have  been  purchased  during  the  performance 
period  via  other  grants  including  Title  III  grants  from  the  Department  of  Education.  A 
Ph.D.  program  in  Advanced  Materials  Science  and  Engineering  is  currently  being  drafted 
and  is  expected  to  be  established  by  2005/2006.  The  goals  of  this  AFOSR  project  on 
research/educational  infrastructure,  and  objectives  on  optoelectronic  polymers  have  been 
accomplished  significantly  and  leveraged  by  additional  grants  and  achievements. 


3.  PROJECT  KEY  TECHNICAL  ACCOMPLISHMENTS 

I.  NOVEL  ORGANIC/POLYMERIC  PHOTOVOLTAIC  MATERIALS 

Abstract:  This  study  has  found/concluded  that  the  optimization  of  organic  solar 
cells  in  both  space  and  energy/time  domains  are  needed  in  order  to  achieve  high  efficiency 
photoelectric  energy  conversion.  Specifically,  in  the  spatial  domain,  a  ‘tertiary’  block 
copolymer  supra-molecular  nano  structure  has  been  designed  using  a  -DBAB-  type  of 
block  copolymer,  where  D  is  a  conjugated  donor  block,  A  is  a  conjugated  acceptor  block, 
and  B  is  a  non-conjugated  and  flexible  bridge  unit.  Several  -DBAB-  type  block 
copolymers  have  already  been  designed,  synthesized,  characterized,  and  preliminarily 
examined  for  photovoltaic  functions.  In  comparison  to  a  simple  donor/acceptor  (D/A) 
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blend  film,  a  corresponding  -DBAB-  block  copolymer  film  exhibited  much  better 
photoluminescence  (PL)  quenching  and  photo  conductivity.  These  are  mainly  attributed  to 
the  improvement  in  the  spatial  domain  for  charge  carrier  generation  and  transportation. 
With  respect  to  the  energy  levels  and  electron  transfer  dynamies  of  these  materials,  this 
study  has  found  the  photo-induced  charge  separation  appears  to  be  most  efficient  when  the 
donor/acceptor  frontier  orbital  energy  offset  approaches  the  sum  of  the  charge  separation 
reorganization  energy  and  the  exciton  binding  energy.  Other  donor/acceptor  frontier  orbital 
energy  offsets  have  also  been  identified  where  the  eharge  recombination  becomes  most 
severe,  and  where  the  ratio  of  the  charge  separation  rate  eonstant  over  the  charge 
recombination  rate  constant  becomes  largest.  Implications  and  ways  of  achieving  these 
optimized  energy  levels  are  briefly  discussed. 

1)  Background  of  Organic  Photovoltaics 

Sunlight  is  a  clean  and  renewable  energy  source  conveniently  available  on  planet 
earth  and  in  outer  space  nearby  the  Sun  or  other  shining  stars.  Photovoltaic  materials  and 
devices  can  convert  light  (or  photon)  into  electricity  (or  mobile  charges  such  as  electrons) 
[1].  In  addition  to  solar  energy  conversion,  photovoltaic  materials  and  devices  can  also  be 
used  in  photo-detector  applications  such  as  in  photo-electric  signal  transducers  in  optical 
communication  or  optical  imaging  systems.  The  key  difference  in  these  different 
applications  is  that,  in  photo-detector  applications,  the  optical  excitation  energy  gap 
(optical  gap)  of  the  photovoltaic  materials  must  match  the  energy  of  the  optical  signal  {e.g., 
1.5  micron  or  0.8  eV  IR  light  signal  in  optical  communications).  In  the  case  of  solar  cells, 
the  optical  excitation  gap  of  the  material  should  match  the  solar  speetrum  with  maximum 
photon  flux  between  1. 3-2.0  eV  on  the  surface  of  the  earth  (air  mass  1.5),  or  1. 8-3.0  eV  in 
outer  space  (air  mass  0)  [1-4].  Though  certain  inorganic  semiconductor  based  photovoltaic 
materials/devices  can  convert  about  30%  of  solar  energy  into  eleetric  power  [1],  in  order  to 
effectively  and  economically  utilize  Sun  light  for  general  energy  needs,  particularly  in 
remote  areas  where  large  spaces  are  available,  low  cost  and  large  area  organic  or  polymer 
based  solar  panels  or  sheets  are  more  attractive  [1-14].  Though  power  conversion 
efficiencies  for  purely  organic  and  “plastic”  photovoltaic  devices  are  still  less  then  5%  [2- 
14],  in  comparison  to  inorganic  materials,  semiconducting  and  conducting  conjugated 
polymers  exhibit  some  inherent  advantages  such  as:  (1)  light  weight,  (2)  flexible  shape,  (3) 
ultra-fast  (up  to  femtoseconds)  opto-electronic  response,  (4)  nearly  continuous  tunability  of 
materials  energy  levels  and  band-gaps  via  molecular  design  and  synthesis,  (5)  versatile 
materials  processing  and  device  fabrication  schemes,  and  (6)  low  cost  on  large  scale 
industrial  manufacturing  [15].  Additionally,  as  research  in  organic  and  polymeric 
photovoltaic  materials  are  rapidly  growing,  key  bottleneck  factors,  such  as  the  ‘photon 
losses’,  the  ‘exciton  losses’,  and  the  ‘carrier  losses’  that  hinder  organic/polymeric 
photovoltaic  performance  become  clear  [14],  high  efficiency  organic  photovoltaic  systems 
appear  to  be  feasible,  as  all  these  “losses”  can  be  minimized  by  systematic  optimization  in 
space,  energy  and/or  time  domains.  In  this  chapter,  some  fundamental  mechanisms  and 
current  problems  of  organic  photovoltaic  materials  and  devices  are  briefly  presented  first, 
then  spatial  domain  optimizations  using  a  ‘tertiary’  nano  structured  -DBAB-  type  block 
copolymer,  and  energy/time  domain  optimizations  identifying  optimal  donor/acceptor 
energy  levels  and  offsets  are  described. 
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2)  Fundamentals  and  Current  Problems  of  Organic  Photovoltaics 

To  develop  high  efficiency  organic  or  polymeric  photovoltaic  materials  and  devices, 
a  brief  review  and  comparison  of  the  inorganic  solar  cells  (such  as  first  inorganic  ‘Fritts 
Cell’  [16])  versus  the  organic  solar  cells  (such  as  first  organic  ‘Tang  Cell’  [6])  is  necessary. 
The  first  inorganic  solar  cell  was  described  by  Charles  Fritts  in  1885  [16].  As  illustrated  in 
Figure  1  (a),  the  ‘Fritts’  cell  was  composed  of  a  semiconducting  selenium  thin  layer 
sandwiched  between  two  different  metal  electrodes,  one  very  thin  and  semi-transparent 
gold  layer  acting  as  a  large  work  function  electrode  (LWFE)  to  collect  photo-generated 
positive  charges  (holes),  and  the  other  iron  layer  acting  as  a  small  work  function  electrode 
(SWFE)  to  collect  photo-generated  negative  charges  (electrons).  In  this  cell,  when  an 
energy  matched  photon  strikes  the  selenium,  a  loosely  bound  electron/hole  pair  was 
generated,  the  electron  and  hole  can  be  separated  easily  by  room  temperature  thermal 
energy  kT  (less  then  O.OSeV),  where  the  free  electron  would  be  in  a  conduction  band  (CB), 
and  the  free  hole  is  left  in  the  valence  band  (VB)  as  shown  in  figure  2  (a).  The  free 
electrons  and  holes  (also  called  charged  ‘carriers’  or  simply  ‘carriers’)  can  then  diffuse  to 
the  respective  and  opposite  electrodes  driven  by  a  field  created  by  the  two  different  work 
function  metal  electrodes. 

In  contrast,  in  the  first  organic  solar  cell  (‘Tang  Cell’)  as  shown  in  figure  1  (b), 
when  an  energy-matched  photon  strikes  an  organic  unit  (mainly  low  band  gaped  tz  electron 
unit),  it  only  generates  a  strongly  bound  and  polarizable  neutral  electron-hole  pair  called 
‘exciton’.  The  energy  required  to  separate  the  electron  from  the  hole  in  an  exciton,  also 
called  exciton  binding  energy  Eb  (typically  in  a  range  of  0.05-1.5  eV)  is  much  higher  than 
room  temperature  energy  kT  [17-19].  Such  an  exciton  can  diffuse  (e.g.,  via  energy  transfer) 
randomly  within  a  distance  defined  by  its  lifetime  of  typically  picoseconds  to  nanoseconds. 
The  average  exciton  diffusion  length  (AEDL)  for  organic  conjugated  materials  is  typically 
5-70  nm  [17-19].  The  schematic  frontier  orbital  energy  levels  are  shown  in  more  detail  in 
Figures  3  and  4.  Figure  3  shows  the  schematic  diagram  of  the  band  structure  of  an  organic 
binary  light  harvesting  system.  Figure  4  shows  the  same  system  from  the  perspective  of  the 
Gibbs  free  energy.  As  shown  in  Figures  1-b,  2-b  and  3,  if  two  different  organic  materials 
with  different  frontier  electronic  orbitals  are  present  and  in  direct  contact  to  each  other,  one 
material,  the  “donor”  has  a  smaller  ionization  potential  (IP),  and  the  other  material,  the 
“acceptor”,  has  a  larger  electron  affinity  (EA)  (Figures  2b  and  3),  when  an  exciton  (in  either 
donor  or  acceptor)  diffuses  to  a  donor/acceptor  interface,  the  frontier  orbital  level  offset 
between  the  donor  and  the  acceptor  would  induce  electron  transfer  across  the  interface.  If 
the  exciton  is  at  donor  side,  the  electron  at  the  donor  LUMO  will  quickly  transfer  into  the 
acceptor  LUMO  (transfer  #3  in  Figures  3  and  4).  If  the  exciton  is  at  acceptor  side,  the  hole 
at  acceptor  HOMO  will  jump  quickly  into  the  donor  HOMO  (corresponding  to  an  electron 
back  transfer  #7  in  Figures  3  and  4),  thus  an  exciton  now  becomes  a  free  electron  (at 
acceptor  LUMO)  and  a  free  hole  (at  donor  HOMO)  resulting  in  an  electron-hole  charge 
separation.  Now  the  free  electrons  and  holes  (charged  carriers)  can  diffuse  to  their 
respective  electrodes,  hopefully  in  two  separate  donor  and  acceptor  phases,  so  the  chance  of 
electron-hole  recombination  would  be  minimal.  Thus,  a  donor/acceptor  binary  system 
appears  very  critical  for  organic  photovoltaic  function  [6]. 
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For  an  organic  solar  cell,  the  overall  power  conversion  efficiencies  are  determined 
by  at  least  following  five  steps: 

1)  Photon  absorption  and  exciton  generation; 

2)  Exciton  diffusion  to  donor/acceptor  interface; 

3)  Exciton  split  or  charged  carrier  generation  at  donor/acceptor  interface; 

4)  Carrier  diffusion  to  respective  electrodes; 

5)  Carrier  collection  by  the  electrodes. 

For  all  currently  reported  organic  or  polymeric  photovoltaic  materials  and  devices, 
none  of  the  above  mentioned  five  steps  have  been  optimized.  Therefore,  it  is  not  surprising 
that  the  power  conversion  efficiencies  of  all  currently  reported  organic  or  polymeric  solar 
cells  are  relatively  low  in  eomparison  to  their  inorganic  counterparts. 

2.1)  Photon  absorption  and  exciton  generation 

In  this  first  step  of  organic  photovoltaic  conversion,  a  basic  requirement  is  that  the 
materials  optical  excitation  energy  gap  (optical  gap)  should  be  equal  or  close  to  the  ineident 
photon  energy.  In  most  amorphous  organic  materials,  it  is  difficult  to  form  electronic  band 
structures  due  to  the  lack  of  both  long-range  and  short-range  molecular  order.  The  energy 
gap  defaults  to  the  difference  between  the  frontier  orbitals,  i.e.,  the  Highest  Occupied 
Molecular  Orbital  (HOMO)  and  the  Lowest  Unoccupied  Molecular  Orbital  (LUMO).  In 
organic  conjugated  system,  HOMO  is  typically  an  occupied  n  bonding  orbital,  and  LUMO 
is  typically  an  unoccupied  n*  anti-bonding  orbital.  Since  an  organic  LUMO/HOMO 
excitation  basically  generates  a  tightly  bound  exeiton  instead  of  a  free  electron  and  hole,  the 
“optical  energy  gap”  is  therefore  used  instead  of  the  conventional  “electronic  energy  gap” 
that  typically  refers  to  the  energy  gap  between  the  free  holes  at  valence  band  (VB)  and  the 
free  electrons  at  conduction  band  (CB)  in  inorganic  semiconducting  materials  (Figure  2a). 
In  organics,  the  relationship  of  “optical  gap  (Ego)”  versus  “electronic  gap  (Ege)”  may  be 
expressed  as  Egf=Ego+EB,  where  Eb  is  called  exciton  binding  energy  that  represents  a 
minimum  energy  needed  to  separate  the  electron  from  the  hole  in  an  exciton  into  a  radical 
ion  pair  [17].  Ego  values  are  usually  estimated  directly  from  optical  absorption  band  edge, 
and  absolute  Ego  values  may  be  estimated  by  electrochemical  redox  analysis.  Absolute 
HOMO/LUMO  levels  may  also  be  estimated  from  a  ‘half  electrochemical  analysis  in 
combination  with  the  optical  absorption  spectroscopy.  For  a  widely  used  conjugated 
semiconducting  polymer  poly-p-phenylenevinylenes  ‘PPV’,  the  exciton  binding  energy  has 
been  reported  to  be  in  the  range  of  0.05-1.1  eV  [17].  If  valence  band  VB  is  defined  as 
containing  ‘free’  holes,  and  CB  is  defined  as  containing  ‘free’  electrons,  then  for  a 
donor/acceptor  binary  organic  system,  the  self-organized  or  well  aligned  acceptor  LUMO 
bands  may  then  be  called  CB,  and  self-organized  donor  HOMO  bands  may  then  be  called 
VB.  Unfortunately,  these  ‘bands’  have  not  yet  been  materialized  so  far. 

For  solar  cell  applications,  solar  radiation  spans  a  wide  range  of  wavelengths  with 
largest  photon  flux  between  600-1000  nm  (1.3-2.0  eV,  on  surface  of  the  earth  or  1.5  air 
mass)  or  400-700  nm  (1. 8-3.0  eV,  in  space  or  air  mass  0)  [1-4].  For  terrestrial  applications, 
it  is  desirable  that  the  band  gaps  of  a  solar  cell  span  a  range  from  1 .3  to  2.0  eV.  This  may 
be  achieved  by  incorporating  a  series  of  different  band  gap  donor/acceptor  or  organic  dyes 
that  absorb  light  in  that  radiation  range.  However,  while  the  solar  photon  loss  can  be 
minimized  in  this  manner,  due  to  energy  transfer  processes  where  all  high  energy  excitons 
will  eventually  become  lowest  energy  excitons  [19],  the  open  circuit  voltage  (Voc)  of  the 
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cell  will  also  be  reduced  accordingly,  as  experimental  studies  have  revealed  a  close 
correlation  between  the  Voc  and  the  gap  between  the  lowest  acceptor  LUMO  and  highest 
donor  HOMO  levels  [20].  In  reality,  several  widely  used  conjugated  semiconducting 
polymers  used  in  organic  solar  cell  studies  have  optical  gaps  higher  then  2.0  eV  [15]. 
Widely  used  alkyloxy  derivatized  poly-p-phenylenevinylenes  (PPV)  has  a  typical  optical 
gap  of  about  2.3-2.6  eV,  well  above  the  maximum  solar  photon  flux  range.  This  is  why  the 
photon  absorption  (or  exciton  generation)  for  PPV  based  solar  cells  are  far  from  being 
optimized  at  AM  1.5.  This  ‘photon  loss’  problem  is  in  fact  very  common  in  almost  all 
currently  reported  organic  photovoltaic  materials  and  devices.  However,  one  advantage  of 
organic  materials  is  the  flexibility  of  its  energy  levels.  They  can  be  fine  tuned  via 
molecular  design  and  synthesis.  Therefore,  ample  opportunity  exists  for  improvement.  A 
number  of  recent  studies  on  the  developments  of  low  band  gap  conjugated  polymers  are 
such  examples  [21-23]. 

2.2)  Exciton  Diffusion 

Once  an  organic  exciton  is  photo  generated,  it  typically  diffuses  {e.g.,  via  intra-chain 
or  inter-chain  energy  transfer  or  ‘hopping’,  including  Forster  energy  transfer  for  a  singlet 
exciton)  to  a  remote  site.  At  the  same  time,  the  exciton  can  decay  either  radiatively  or  non- 
radiatively  to  its  ground  state  with  typical  lifetimes  between  picoseconds  to  nanoseconds 
[18-19].  Alternatively,  in  condensed  phases,  some  excitons  may  be  trapped  in  defect  or 
impurity  sites.  Both  exciton  decay  and  trapping  would  contribute  to  the  “exciton  loss”. 
The  average  distance  an  organic  exciton  can  travel  within  its  lifetime  is  called  average 
exciton  diffusion  length  (AEDL).  In  non-crystalline  and  amorphous  materials,  the  AEDL 
depends  heavily  on  the  spatial  property  (morphology)  of  the  materials.  For  most 
conjugated  organic  materials,  the  AEDL  is  typically  in  the  range  of  5-70  nm  [1-3,  18-19]. 
The  AEDL  for  PPV  is  around  10  nm  [18].  Since  the  desired  first  step  of  photovoltaic 
process  is  that  each  photo-generated  exciton  will  be  able  to  reach  the  donor/acceptor 
interface  where  charge  separation  can  occur,  one  way  to  minimize  the  “exciton  loss”  would 
be  to  make  a  defect  free  and  donor/acceptor  phase  separated  and  ordered  material.  One 
example  would  be  a  donor/acceptor  phase  separated  tertiary  nano  structure  such  that,  an 
exciton  generated  at  any  site  of  the  material  can  reach  a  donor/acceptor  interface  in  all 
directions  within  the  AEDL  [14].  This  was  called  a  ‘bulk  hetero-junction’  structure  [7-8]. 
One  limitation  of  the  first  organic  bilayer  solar  cell  ‘Tang  Cell’  was  that,  if  the  donor  or 
acceptor  layer  is  thicker  then  the  AEDL,  excitons  may  not  be  able  reach  the  interfacial 
region  to  separate  before  decay.  This  ‘exciton  loss’  is  a  serious  problem.  On  the  other 
hand,  if  the  photovoltaic  active  layer  is  too  thin  or  much  shorter  then  the  penetration  depth 
of  the  light  in  the  material,  then  “photon  loss’  due  to  poor  light  absorption  would  result. 
This  is  also  why  ‘bulk  hetero-junction’  type  solar  cells  are  attractive,  as  they  not  only 
minimize  the  exciton  loss  by  increasing  the  donor/acceptor  interface,  they  can  also  offer 
enough  thickness  for  effective  photon  harvesting. 

2.3)  Exciton  Separation  and  Charge  Carrier  Generation 

Once  an  exciton  arrives  at  a  donor/acceptor  interface,  the  potential  field  at  the 
interface  due  to  the  donor/acceptor  frontier  orbital  energy  level  offsets,  i.e.,  5Eas  shown  in 
Figure  3  can  then  separate  the  exciton  into  a  free  electron  at  acceptor  LUMO  and  a  free  hole 
at  donor  HOMO,  provided  this  field  or  energy  offset  is  close  to  its  optimal  value  or  range  as 
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discussed  in  Section  4  of  this  chapter.  This  photo-induced  charge  separation  process  is  also 
called  ‘photo-doping’,  as  it  is  a  photo-induced  (in  contrast  to  chemical  or  thermal  induced) 
redox  reaction  between  the  donor  and  the  acceptor.  For  a  derivatized  PPV  donor  and 
fullerene  acceptor  binary  system,  it  has  been  experimentally  observed  that  the  photo- 
induced  charge  separation  process  at  the  PPV/fullerene  interface  was  orders  of  magnitude 
faster  then  either  the  PPV  exciton  decay  or  the  charge  recombination  [7-8].  This  means, 
opto-electronic  quantum  efficiency  at  this  interface  is  near  unity,  and  a  high  efficiency 
organic  photovoltaic  system  is  feasible. 

2.4)  Carrier  Diffusion  to  the  Electrodes 

Once  the  carriers,  either  free  electrons  or  holes,  are  generated,  holes  need  to  diffuse 
toward  the  large  work  function  electrode  (LWFE),  and  electrons  need  to  diffuse  toward  the 
small  work  function  electrode  (SWFE).  The  driving  forces  for  the  carrier  diffusion  may 
include  the  field  created  by  the  work  function  difference  between  the  two  electrodes,  and  a 
‘chemical  potential’  driving  force  [24].  ‘Chemical  potential’  driving  force  may  be 
interpreted  as  a  density  potential  driving  force,  i.e.,  particles  tend  to  diffuse  from  a  higher 
density  domain  to  a  lower  density  domain.  In  an  organic  donor/acceptor  binary 
photovoltaic  cell,  the  high-density  electrons  at  the  acceptor  LUMO  nearby  the 
donor/acceptor  interface  tend  to  diffuse  to  lower  electron  density  region  within  the  acceptor 
phase,  and  high-density  holes  at  the  donor  HOMO  nearby  the  donor/acceptor  interface  tend 
to  diffuse  to  the  lower  holes  density  region  within  the  donor  phase.  In  the  ‘Tang  Cell’  as 
shown  in  Figure  1  (b),  once  an  exciton  was  separated  into  a  free  electron  at  acceptor  side 
and  a  free  hole  at  donor  side  of  the  D/A  interface,  the  electron  will  be  ‘pushed’  away  from 
the  interface  toward  the  negative  electrode  by  both  the  ‘chemical  potential’  and  by  the  field 
formed  from  the  two  electrode  work  functions.  The  holes  will  be  ‘pushed’  toward  the 
positive  electrode  by  the  same  forces  but  in  the  opposite  direction.  With  this  chemical 
potential  driving  force,  even  if  the  two  electrodes  are  the  same,  asymmetric  photovoltage 
could 5till  be  achieved  (i.e.,  the  donor  HOMO  would  yield  the  positive  and  acceptor  LUMO 
would  yield  the  negative  electrodes)  [24].  Mid-gap  state  species,  either  impurities/defects, 
or  intentionally  doped  redox  species,  may  also  facilitate  the  carrier  diffusion  as  well  as 
conductivities  by  providing  ‘hopping’  sites  for  the  electrons  or  holes.  Hbwever,  right  after 
electron-hole  is  separated  at  the  interface,  they  can  also  recombine  due  to  both  potential 
drop  of  A-LUMO/D-HOMO  and  the  Coulomb  force  between  the  free  electron  and  hole. 
Fortunately,  the  charge  recombination  rates  in  most  cases  are  much  slower  then  the  charge 
separation  rates  (charge  recombination  rates  are  typically  in  micro  to  milliseconds  as 
compared  to  femto/pico  seconds  charge  separation  rate)  [7-8,  36],  so  there  is  an  opportunity 
for  the  carriers  to  reach  the  electrodes  before  they  recombine.  Yet,  in  most  currently 
reported  organic  solar  cells,  the  diffusion  of  electrons  and  holes  to  their  respective 
electrodes  are  not  really  fast  due  to  poor  morphology.  If  donor  and  acceptor  phases  are 
perfectly  ‘bicontinuous’  between  the  two  electrodes,  and  that  all  LUMO  and  HOMO 
orbitals  are  nicely  aligned  and  overlapped  to  each  other  in  both  donor  and  acceptor  phases, 
like  in  a  molecularly  self-assembled  thin  films  or  crystals,  then  the  carriers  would  be  able  to 
difftise  smoothly  in  ‘bands’  toward  their  respective  electrodes.  Currently,  carrier  thermal 
‘hopping’  and  ‘tunneling’  are  believed  to  be  the  dominant  diffusion  and  conductivity 
mechanism  for  most  reported  organic  photovoltaic  systems,  therefore,  the  “carrier  loss”  is 
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believed  to  be  another  key  factor  for  the  low  efficiency  of  organic  photovoltaic  materials 
and  devices. 

2.5)  Carrier  Collection  at  the  Electrodes 

It  has  been  proposed  [9]  that  when  the  acceptor  LUMO  level  matches  the  Fermi 
level  of  the  small  work  function  electrode  (SWFE),  and  the  donor  HOMO  matches  the 
Fermi  level  of  the  large  work  fiinction  electrode  (LWFE),  an  ideal  ‘Ohmic’  contact  would 
be  established  for  efficient  carrier  collection  at  the  electrodes.  So  far,  there  are  no  organic 
photovoltaic  cells  that  have  achieved  this  desired  ‘Ohmic’  alignment  due  to  the  availability 
and  limitations  of  materials  and  electrodes  involved.  There  were  a  number  of  studies, 
however,  focusing  on  the  open  circuit  voltage  (Voc)  dependence  on  materials 
LUMO/HOMO  level  changes,  electrode  Fermi  levels,  and  chemical  potential  gradients  [20, 
24].  The  carrier  collection  mechanisms  at  electrodes  are  relatively  less  studied  and  are  not 
well  understood.  It  is  believed  that  the  carrier  collection  loss  at  the  electrodes  is  also  a 
critical  contributing  factor  for  the  low  efficiency  of  existing  organic  solar  cells. 

3)  Optimization  in  the  Spatial  Domain  via  a  -DBAB-  type  block  copolymer 
3.1)  Block  Copolymers  and  Self-Assembled  Supra-molecular  Nano  Structures 

Block  copolymer  solid  melts  are  well  known  to  exhibit  behavior  similar  to 
conventional  amphiphilic  systems  such  as  lipid-water  mixtures,  soap,  and  surfactant 
solutions  [25-26].  The  covalent  bond  connection  between  distinct  or  different  blocks 
imposes  severe  constraints  on  possible  equilibrium  states,  this  results  unique  supra- 
molecular  nano-domain  structures  such  as  lamellae  (LAM),  hexagonally  (HEX)  packed 
cylinders  or  columns,  spheres  packed  on  a  body-centered  cubic  lattice  (BCC),  hexagonally 
perforated  layers  (HPL)  and  at  least  two  bi-continuous  phases:  the  ordered  bi-continuous 
double  diamond  phase  (OBDD)  and  the  gyroid  phase  [25-26].  The  morphology  of  block 
copolymers  is  affected  by  chemical  composition,  block  size,  temperature,  processing,  and 
other  factors.  For  a  triblock  copolymer,  a  variety  of  even  more  complex  and  unique 
morphologies  can  be  formed  and  are  shown  in  Figure  5.  Clearly,  the  block  copolymer 
approach  to  photovoltaic  function  offers  some  intrinsic  advantages  over  the  bilayer  or 
composite/blend  systems  [13-14,  27-35].  An  MEH-PPV/polystyrene  (with  partial  Ceo 
derivatization  on  polystyrene  block)  donor/acceptor  diblock  copolymer  system  has  been 
synthesized,  and  phase  separation  between  the  two  blocks  was  indeed  observed  [13]. 
However,  the  polystyrene/Ceo  acceptor  block  is  not  a  conjugated  chain  system,  and  the  poor 
electron  mobility  or  “carrier  loss”  problem  in  polystyrene  phase  still  remains  as  an  issue. 
On  the  other  hand,  when  a  conjugated  donor  block  was  linked  directly  to  a  conjugated 
acceptor  block  to  form  a  direct  p-n  type  conjugated  diblock  copolymer,  while  energy 
transfer  from  higher  gap  block  to  lower  gap  block  were  observed,  no  charge  separated 
states  (which  is  critical  for  photovoltaic  functions)  were  detected  [27]. 
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3.2)  Design  and  Development  of  a  -DBAB-  Type  Block  Copolymer  for  a  ‘Tertiary’ 
Supra-molecular  Nanostructure 

To  address  the  several  loss  problems  of  organic  photovoltaic  discussed  above, 
particularly  the  ‘exciton  loss’  and  the  ‘carrier  loss’  problems,  optimization  in  spatial 
domain  of  the  donor  and  acceptor  materials  has  been  investigated.  Using  this  rationale,  a 
photovoltaic  device  based  on  a  -DBAB-  type  of  block  copolymer  and  its  potential  ‘tertiary’ 
supra-molecular  nano  structure  was  designed  (Figures  6-11)  [14],  where  D  is  a  ti  electron 
conjugated  donor  block,  A  is  a  conjugated  acceptor  block,  B  is  a  non-conjugated  and 
flexible  bridge  unit.  In  this  structure,  the  HOMO  level  of  the  bridge  unit  is  lower  then  the 
acceptor  HOMO,  and  the  bridge’s  LUMO  level  is  higher  then  the  donor  LUMO  (Fig.  7). 
With  this  configuration,  a  wide  band  gap  energy  barrier  is  formed  between  the  donor  and 
acceptor  conjugated  blocks  on  the  polymer  chain  (Figure  7).  This  potential  energy  barrier 
separates  the  energy  levels  of  the  donor  and  acceptor  blocks,  retarding  the  electron-hole 
recombination  encountered  in  the  case  of  directly  linked  p-n  type  diblock  conjugated 
copolymer  system  [27].  At  the  same  time,  intra-molecular  or  inter-molecular  electron 
transfer  or  charge  separation  can  still  proceed  effectively  through  bridge  a  bonds  or  through 
space  under  photo-excitation  [36].  Additionally,  the  flexibility  of  the  bridge  unit  would 
enable  the  rigid  donor  and  acceptor  conjugated  blocks  more  easily  to  self-assemble,  phase 
separate,  and  become  less  susceptible  to  distortion  of  the  conjugation.  Since  both  donor 
and  acceptor  blocks  are  n  electron  conjugated  chains,  if  they  are  self-assembled  in  planes 
perpendicular  to  the  molecular  plane  like  a  7t-  tc  stacking  morphology  well  known  in  all  7t 
conjugated  system  [15]  (Figure  8),  good  carrier  transport  in  both  donor  and  acceptor  phases 
now  become  feasible. 

While  the  -DBAB-  block  copolymer  backbone  structure  may  be  called  “primary 
structure”  (see  Figure  6),  the  conjugated  chain  n  orbital  closely  stacked  and  ordered 
morphology  may  therefore  be  called  “secondary  structure”  (Figure  8).  This  “secondary 
structure”  style  has  been  known  to  dramatically  enhanced  carrier  mobility  due  to  improved 
71  orbital  overlap  as  demonstrated  in  ordered  discotic  type  liquid  crystalline  phases  [10,  37], 
or  in  derivatized  and  self-assembled  regio-regular  polythiophenes  [38],  or  template  aligned 
poly-p-pheylenevinylenes  [39].  Most  importantly,  this  ‘secondary  structure’  as  shown  in 
Figure  8  is  in  fact  favorable  for  the  exciton  diffusion  in  horizontal  direction  and  charge 
transport  in  vertical  direction  as  has  been  experimentally  observed  [39].  Finally,  through 
the  adjustment  of  block  size,  block  derivatization,  and  thin  film  processing  protocols,  a 
“tertiary  structure”  (Figure  9)  where  a  “bicontinuous”,  such  as  columnar  (or  “HEX”)  type 
of  morphology  of  the  donor  and  acceptor  blocks  is  vertically  aligned  on  top  of  the  substrate 
and  sandwiched  between  two  electrodes  (Figure  10a)  can  be  obtained.  Even  better,  a  thin 
donor  layer  may  be  inserted  between  ITO  and  active  ‘HEX’  layer,  and  a  thin  acceptor  layer 
is  inserted  between  metal  electrode  and  active  layer  (Figure  10b).  A  diblock  copolymer 
where  a  ‘honey  comb’  type  columnar  structure  was  formed  with  either  top  or  bottom  of  the 
‘honey  comb’  completely  covered  by  one  block  has  already  been  observed  [40].  The 
terminal  donor  and  acceptor  layers  would  enable  a  desired  asymmetry  and  favorable 
chemical  potential  gradient  for  asymmetric  (selective)  carrier  diffusion  and  collection  at 
respective  electrodes  [6,  14,  24].  Since  the  diameter  of  each  donor  or  acceptor  block 
column  can  be  conveniently  controlled  via  synthesis  and  processing  to  be  within  the 
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organic  average  exciton  diffusion  length  (AEDL)  of  5-70  nm,  so  that  every  photo-induced 
exciton  will  be  in  convenient  reach  of  a  donor/acceptor  interface  along  the  direction 
perpendicular  to  the  columnar.  At  the  same  time,  photo-generated  charge  carriers  can 
dif&se  more  smoothly  to  their  respective  electrodes  via  a  truly  “bicontinuous”  block 
copolymer  columnar  morphology.  The  energy  domain  diagram  of  such  a  spatial  tertiary 
structure  can  be  represented  in  Figure  11.  Figure  11(a)  shows  the  open  circuit  situation, 
where  each  nano  meter  sized  donor  phase  (or  column)  is  in  contact  with  an  acceptor  phase 
as  depicted  in  Figure  9.  SWFE-Femi  refer  to  the  femi  level  of  small  work  function 
electrode,  and  LWFE-femi  refer  to  the  femi  level  of  large  work  function  electrode.  Figure 
11(b)  shows  the  short  circuit  situation,  where  ‘band  bending’  occurs  within  each  ‘HEX’ 
column.  This  ‘band  bending’  also  drives  the  charge  diffusion  toward  their  respective 
electrodes. 

While  the  increased  donor  and  acceptor  interface  area  and  phase  morphology  will 
dramatically  minimize  the  exciton  and  carrier  losses,  it  may  also  increase  the  carrier 
recombination  at  the  same  interfaces.  However,  by  proper  energy  level  manipulation  via 
molecular  engineering,  the  charge  recombination  rate  can  be  reduced  in  comparison  to  the 
charge  separation  as  discussed  in  Section  4  of  this  chapter.  In  many  of  the  reported  organic 
photovoltaic  systems,  the  charge  recombination  typically  occurs  on  the  microseconds  or 
slower  timescale,  which  is  in  contrast  to  the  ultra-fast  picosecond-  or  femto-  seconds  charge 
separation  rate  at  the  same  interface  [8,  36].  Therefore,  the  charge  carrier  recombination 
does  not  appear  to  be  of  a  major  concern  for  solar  cell  applications  where  the  radiation  is 
continuous.  This  block  copolymer  photovoltaic  device  may  be  to  a  certain  degree  mimic  a 
dye  sensitized  solar  cell  (DSSC)  yet  with  whole  donor/acceptor  interface  covered  by  photo¬ 
sensitizing  dyes,  and  that  both  donor  and  acceptor  phases  are  solids  and  ‘bicontinuous’. 
Additionally,  with  appropriate  adjustment  of  donor  and  acceptor  block  sizes  and  their 
substituents,  energy  levels,  or  with  attachment  of  better  photon  energy  matched  sensitizing 
dyes  on  the  polymer  backbone,  it  is  expected  that  the  photon  loss,  the  exciton  loss,  and  the 
carrier  loss  (including  charge  recombination)  issues  can  all  be  addressed  and  optimized 
simultaneously  in  one  such  block  copolymer  photovoltaic  device.  In  order  to  examine  the 
feasibility  of  this  block  copolymer  solar  cell  design  [14],  a  novel  -DBAB-  type  of  block 
copolymer  (Figure  12)  has  been  synthesized  and  characterized,  and  some  opto-electronic 
studies  have  already  been  in  progress  [28-35]. 

3.3)  Materials  and  Equipment,  Experimental 

All  starting  chemicals,  materials,  reagents  and  solvents  were  purchased  from 
commercial  sources  and  used  directly  except  noted  otherwise.  Proton  and  carbon  NMR 
data  were  obtained  from  a  Bruker  Avance  300  MHz  spectrometer.  Elemental  analyses  were 
done  at  Atlantic  Microlab.  HR-MASS  and  MALDI  data  were  obtained  from  Mass 
Spectrometry  facility  at  Emory  University.  Perkin-Elmer  DSC-6/TGA-6  systems  were 
used  to  characterize  the  thermal  property  of  the  materials.  GPC  analysis  was  done  using  a 
Viscotek  T60A/LR40  Triple-Detector  GPC  system  with  mobile  phase  of  THF  at  ambient 
temperature  (Universal  calibration  based  on  polystyrene  standards  is  used).  UV-VIS 
spectra  were  collected  from  a  Varian  Gary-5  spectrophotometer.  Luminescence  spectra 
were  obtained  from  a  SPEX  Fluoromax-3  spectrofluorometer.  Electrochemical  analysis 
was  done  on  a  BAS  Epsilon-100  unit.  Film  thicknesses  were  measured  on  a  Dektak-6M 
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profilometer.  Thin  film  metal  electrodes  were  deposited  in  high  vacuum  using  a  BOC-360 
metal  vapor  deposition  system.  For  dynamic  spectroscopic  studies,  an  Ar  ion  pumped  and 
mode  locked  Ti-Sapphire  laser  system  was  used  to  create  optical  pulses  at  800  nm  and  120 
femto  seconds  at  76  MHz.  The  emission  from  the  solutions  or  films  were  spectrally  filtered 
with  a  monochromator  and  directed  on  the  photocathode  of  a  streak  camera  with  2  ps 
resolution. 

Figure  12  shows  the  chemical  structures  of  the  RO-PPV  donor  block  (D),  the  SF- 
PPV-I  acceptor  block  (A),  the  bridge  units  (B),  and  the  synthetic  coupling  scheme  of  the 
target  -DBAB-  block  copolymer.  Specifically,  the  donor  block  RO-PPV  is  an  alkyloxy 
derivatized  poly-p-phenylenevinylene,  and  the  acceptor  block  SF-PPV-I  is  an  alkyl-sulfone 
derivatized  poly-p-phenylenevinylene.  Two  bridge  units  were  investigated,  first  one  is  a 
long  dialdehyde  terminated  bridge  Unit  1  containing  ten  methylene  units,  and  the  second  is 
a  short  diamine  terminated  bridge  Unit  2  containing  two  methylene  units.  When  bridge  unit 
1  was  used,  both  donor  and  acceptor  blocks  were  synthesized  with  terminal  phosphate 
groups.  When  diamine  terminated  bridge  Unit  2  was  used,  both  donor  and  acceptor  blocks 
were  synthesized  with  terminal  aldehyde  groups.  The  alkyl  derivatives  (R)  investigated 
includes  branched  2-ethyl-hexyl  group  (CgHn),  the  ethyl  (C2H5)  and  linear  decacyl  (C10H21) 
groups.  The  RO-PPV/SF-PPV  based  block  copolymer  syntheses  and  chemical 
characterizations  have  been  or  are  being  reported  separately  [Appendix  of  this  report,  also 
references  28-29,  31,  34].  Though  GPC  shows  a  molecular  size  corresponding  to  one 
DBAB  unit,  however,  due  to  the  fact  that  THF  insoluble  higher  molecular  weight  fi’actions 
were  filtered  off  during  GPC  measurement,  therefore,  -DBAB-  (instead  of  DBAB)  is  used 
for  single  as  well  as  possible  multiple  DBAB  repeating  units.  In  this  chapter,  only  some 
critical  comparisons  of  the  -DBAB-  (with  a  two  carbon  diamine  bridge  unit  2)  with  a  D/A 
blend  system  is  presented. 

3.4)  Results  and  Discussion  on  Spatial  Domain  Optimization 

As  elaborated  earlier,  the  first  critical  step  in  organic  photovoltaic  is  a  photo- 
induced  electron  transfer  from  the  donor  to  the  acceptor  (photo-doping)  as  shown  in  Figures 
1-4,  and  this  process  can  be  characterized  by  a  number  of  techniques,  including 
photoluminescence  (PL)  quenching  for  radiative  exciton  decay,  light-induced  conductivity 
(photocurrent)  measurements,  light  induced  electron  spin  resonance  (LIESR)  spectroscopy, 
etc  [1-7].  Figure  13  shows  the  solution  absorption  spectra  of  the  RO-PPV  donor  block,  the 
SF-PPV-I  acceptor  block,  and  the  —DBAB-  block  copolymer.  Since  no  obvious  new  bands 
were  observed  in  the  -DBAB-  absorption  spectrum  in  comparison  to  D  and  A,  therefore, 
there  was  no  evidence  of  ground  state  charge  transfer  or  ‘chemical  doping’  in  the 
synthesized  -DBAB-.  Figure  14  shows  the  solution  PL  emission  spectra  of  the  donor 
block,  the  acceptor  block,  and  -DBAB-  block  in  arbitrary  units  (because  the  PL  emission 
fi'om  -DBAB-  was  too  weak  to  be  seen  if  on  a  same  scale  with  D  or  A).  From  a  molecular 
density  calibrated  analysis,  it  was  found  that  the  PL  of  -DBAB-  was  quenched  by  over  80% 
relative  to  pristine  donor  or  acceptor  block  in  dilute  solution  [29].  This  -DBAB-  PL 
quenching  was  also  confirmed  by  a  much  faster  PL  emission  decay  (687  ps)  of  -DBAB- 
versus  the  pristine  donor  or  acceptor  decay  (1600  ps)  as  shown  in  Figure  15.  Since  the 
solutions  were  very  dilute,  the  probability  of  inter-molecular  photo  induced  charge 
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separation  or  defect  trapping  is  very  small  as  the  polymer  chains  do  not  interact  with  each 
other.  Therefore,  this  >  80%  PL  quenching  can  be  attributed  mainly  to  intra-chain  charge 
separation  through  the  two  carbon  bridge  unit.  This  intra-chain  electron  transfer  through  a 
bridged  energy  barrier  has  been  in  fact  widely  observed  before  [36,  41-42].  These  results 
demonstrate  that,  a  short  two  carbon  bridge  would  be  sufficient  to  separate  the  electronic 
structures  of  the  RO-PPV  donor  and  the  SF-PPV-I  acceptor  block,  yet  it  still  allow  effective 
electron  transfer.  Figure  16  shows  the  thin  film  absorption  spectra  of  the  RO-PPV  donor 
block,  the  SF-PPV-I  acceptor  block,  and  -DBAB-.  Again,  no  ground  state  electron  transfer 
was  observed.  Figure  17  shows  the  thin  film  PL  emission  spectra  of  the  donor  block,  the 
acceptor  block,  and  the  final  -DBAS-  block  copolymer  in  arbitrary  units.  The  PL  emission 
of  D/A  blend  films  was  similar  to  -DBAB-,  though  the  amount  of  emission  quenching 
varies  from  sample  to  sample,  i.e.,  very  sensitive  to  processing  conditions.  Again  from  a 
molecular  density  calibrated  PL  emission  analysis  [29],  it  was  found  that  the  PL  intensity  of 
the  blend  films  were  typically  quenched  in  the  range  of  10-70%  relative  to  pristine  donor  or 
acceptor  blocks,  while  the  PL  emission  of  the  final  -DBAB-  films  were  typically  quenched 
at  90-99%.  This  strong  PL  quenching  ip  -DBAB-  film  was  also  confirmed  by  a  much 
faster  PL  emission  decay  of  the  -DBAB-  films  as  compared  to  the  D/A  blend  or  pristine 
donor  or  acceptor  films  as  shown  in  Figure  18.  It  is  expected  that  this  PL  quenching 
enhancement  of  -DBAB-  film  was  mainly  due  the  photo-induced  inter-chain  electron 
transfer  from  a  donor  block  to  a  nearby  acceptor  block  via  close  spatial  contact.  Clearly, 
such  an  inter-chain  electron  transfer  enhancement  is  mainly  due  to  the  increase  of  the  inter- 
molecular  donor/acceptor  interface  and  the  improvement  of  the  morphology  of  the  -DBAB- 
block  copolymer  thin  film.  AFM  and  STM  studies  revealed  no  any  regular  pattern  in  a  D/A 
blend  film,  yet  some  interesting  regular  pattern  can  be  seen  in  -DBAB-  block  copolymer 
films  [30,  32,  34].  Though  details  or  mechanism  of  such  pattern  and  its  formation  are 
unclear  and  are  still  under  investigation,  however,  it  is  known  that  block  copolymer 
morphology  can  be  affected  or  controlled  by  many  factors,  such  as  chemical  composition, 
block  size,  film  substrates,  processing  conditions,  etc  [25-26].  Finally,  a  few  optoelectronic 
thin  film  devices  have  also  been  fabricated  and  studied  from  these  polymers.  The  dark 
current-voltage  I-V  curves  (Figure  19)  of  -DBAB-  and  D/A  blend  films  were  compared 
under  identical  fabrication  and  measurement  conditions  {i.e.,  same  thickness,  same  density, 
etc).  Figure  19  shows  that  the  biased  current  (as  well  as  calculated  carrier  mobility)  of- 
DBAB-  was  at  least  two  orders  of  magnitude  better  then  the  simple  D/A  blend  [35].  Figure 
20  shows  the  photo  conductivity  (zero  bias)  comparisons  of  -DBAB-,  D/A  simple  blend, 
the  commercially  available  MEH-PPV/C60,  and  dark  current,  all  film  devices  were 
fabricated  and  measured  under  identical  conditions  with  same  molecular  densities.  As 
Figure  20  shows,  the  photocurrent  density  of  -DBAB-  was  almost  doubled  then  that  of  the 
D/A  simple  blend  at  absorption  peak  of  around  400nm.  The  dark  current  is  also  shown  at 
the  bottom.  Both  the  open  circuit  voltage  (Voc)  and  short  circuit  current  (4c)  of  these 
devices  were  very  small,  and  it  was  possibly  due  to  several  causes,  such  as  un-optimized 
device  fabrication,  e.g.,  no  charge  collection  or  injection  layers  were  used,  and  probable 
PPV  photo  oxidative  degradation  in  the  air.  PPV  is  well  known  for  photo  oxidative 
degradation  [9].  Additionally,  much  larger  photocurrents  were  initially  observed  when  the 
film  was  irradiated  in  a  freshly  fabricated  device.  The  values  reported  in  the  plot  are  the 
lower  steady  state  photocurrents.  It  is  interesting  to  note  that  the  voltage  biased  dark 
current  of -DBAB-  was  at  least  two  orders  of  magnitude  better  then  the  D/A  blend  [35], 
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while  the  photo-current  of  -DBAB-  was  only  doubled  then  D/A.  This  may  be  explained  as 
follows:  in  biased  current,  sufficient  and  same  amount  of  carriers  were  injected  from  the 
electrodes  for  both  -DBAB-  films  and  D/A  blend  films.  Therefore,  the  orders  of  magnitude 
current  density  differences  can  only  be  attributed  to  the  main  difference  of  the  two  films, 
i.e.,  the  much  better  carrier  transport  pathways  in  the  -DBAB-  film  than  in  the  D/A  blend 
film.  However,  in  photocurrent  measurements,  even  if  the  -DBAB-  film  has  a  much  better 
carrier  transport  pathway  than  the  D/A  blend  film,  the  photo-generated  carriers  may  be 
limited  in  both  -DBAB-  and  D/A  films  due  to  either  limited  interface  sizes,  improper 
energy  levels,  etc.,  therefore,  the  photocurrent  difference  was  not  as  large  as  in  biased 
situation.  Optimizations  of  materials  structures,  energy  levels,  morphological  controls, 

device  fabrication  and  measurements  are  ongoing  and  will  be  discussed  in  the  near  future. 

% 

4)  Optimization  in  the  Energy/Time  Domain 


4.1)  Bacl^round 

To  address  the  optimal  energy  levels  in  a  paired  donor/acceptor  organic  light 
harvesting  system,  first,  both  the  donor  and  acceptor  optical  excitation  energy  gaps  should 
match  the  intended  photon  energy.  In  solar  light  harvesting  applications,  maximum  photon 
flux  is  between  1. 3-2.0  eV  on  surface  of  the  earth  (air  mass  1.5)  and  1. 8-3.0  eV  in  outer 
space  (air  mass  zero)  [1-4].  For  optical  telecommunications  and  signal  processing,  an 
optical  band  gap  of  0.8  eV  (for  1.55  micron  IR  signal)  is  needed.  Energy  gaps  in  both 
donor  and  acceptor  should  be  fine  tuned  via  molecular  engineering  to  match  the  photon 
energy,  as  both  can  absorb  photon  and  incur  charge  separation  at  donor/acceptor  interface 
as  shown  in  Figures  3-4.  A  critical  remaining  question  is  the  magnitude  of  energy  offset 
between  the  donor  and  the  acceptor  that  is  assumed  to  drive  the  charge  separation.  A 
current  widely  cited  view  is  that  the  fi’ontier  orbital  energy  offset  between  the  donor  and  the 
acceptor  should  be  at  least  over  the  exciton  binding  energy  Eb  (i.e.,  the  minimum  energy 
needed  to  overcome  the  electric  Coulomb  forces  and  separate  the  tightly  bond  and  neutral 
exciton  into  a  separate  or  ‘free’  electron  and  hole)  [1-4,  17].  Indeed  when  the  LUMO 
energy  offset  is  too  small,  charge  separation  appears  to  become  less  efficient  [43]. 
However,  even  in  many  positive  energy  offset  situations  (such  as  in  electron  transfer  from 
donor  to  acceptor  via  a  higher  energy  level  bridge  unit  as  in  many  DBA  systems),  election 
transfer  or  charge  separation  still  occur  effectively  [36,  41-42,  44-45].  On  the  other  hand,  if 
the  energy  offset  is  too  large,  Marcus  ‘inverted’  region  may  slow  down  charge  separation 
[41-42,  44-45],  and  thermal  ground  state  charge  separation  without  photo  excitation  may 
occur,  and  these  are  not  desirable  for  light  harvesting  functions.  Large  energy  offset  also 
reduces  open  circuit  voltage  [20].  Therefore,  an  analysis  of  optimal  donor/acceptor  energy 
offsets  is  necessary  in  order  to  achieve  efficient  charge  separation,  particularly  in 
consideration  of  exciton  decay,  charge  separation  and  recombination  processes  in  both 
donor  and  acceptor  [46-48]. 
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4.2)  Theoretical  Formulation 

In  an  ‘ideal’  organic  donor/acceptor  binary  solar  cell,  both  donor  and  acceptor 
should  harvest  photon  and  contribute  to  photovoltaic  functions.  The  processes  may  be 
simplified  as  following  (also  illustrated  in  Figures  3  &  4): 

1)  Photo-excitation  at  donor  (D/A+hv/-^D*/A,  D*  designates  a  donor  exciton,  hvj  is 
the  absorbed  photon  energy  and  can  be  estimated  from  absorption  or  excitation 
spectra). 

2)  Donor  exciton  decay  to  its  ground  state  {D*/A-^D/A+hv^  corresponding  to  a 
standard  Gibbs  free  energy  change  of  Ed,  decay  rate  constant  of  kdo,  and  a 
reorganization  energy  of  ^.do  [41-42].  hv2  is  the  emitted  photon  energy  and  can  be 
estimated  from  emission  spectra. 

3)  Charge  separation  or  electron  transfer  from  donor  LUMO  to  acceptor  LUMO 
{D*/A-^D^ A')  corresponding  to  a  standard  free  energy  change  of  AtE,  electron 
transfer  rate  constant  of  kso,  and  a  reorganization  energy  of  Xsd- 

4)  Charge  recombination  or  electron  back  transfer  from  acceptor  LUMO  to  donor 
HOMO  (P^ A'  -^D/A)  corresponding  to  a  standard  free  energy  change  of  Ed-AE  (See 
Fig.  4),  transfer  rate  constant  of  kr,  and  a  reorganization  energy  change  of  Xr. 

5)  Photo  excitation  at  acceptor  (p/A+  hvj-^D/A*,  designates  an  acceptor  exciton). 

6)  Acceptor  exciton  decay  to  its  ground  state  {D/A  *  -^DA+h  vf)  corresponding  to  a  free 
energy  change  of  decay  rate  constant  of  kdA,  and  a  reorganization  energy  of  XdA. 

7)  Charge  separation  or  electron  transfer  from  donor  HOMO  to  acceptor  HOMO 
{D/A*-^D^ A')  corresponding  to  a  free  energy  change  of  Esa=Ea-Ed+AE  (see  Fig. 
4),  transfer  rate  constant  of  ksA,  and  a  reorganization  energy  of  Asa- 

8)  Charge  recombination,  same  as  in  process  4). 

For  organic  solar  cell  purposes,  the  charge  separated  state  is  the  desired  starting 
point.  However,  charge  separation  (Steps  3  &  7  in  Figure  3)  is  also  competing  with  exciton 
decay  (Steps  2  &  6).  The  ratio  of  charge  separation  rate  constant  versus  exciton  decay  rate 
constant  can  therefore  be  defined  as  Exciton  Quenching  Parameter  (EQP,  mathematically 
represented  as  Ye,)  as: 


YeqD-ksE/kdD 

(1) 

YeqA  ^ksA^kdA 

(2) 

for  donors  and  acceptors,  respectively.  The  parameter.  Ye,  reflects  the  efficiency  of 
exciton->charge  conversion.  It  was  experimentally  observed  that  the  charge  separation  can 
be  orders  of  magnitude  faster  then  the  exciton  decay  in  a  MEH-PPV/fullerene 
donor/acceptor  binary  pair  [7].  Secondly,  charge  separation!  (steps  3  &  7)  is  also  competing 
with  charge  recombination  (steps  4  &  8).  The  ratio  of  charge  separation  rate  constant  over 
charge  recombination  rate  constant  may  therefore  be  defined  as  Recombination  Quenching 
Parameter  (RQP,  mathematically  represented  as  Yr,) 
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YrqD  ksl/kr 

(3) 

YrqA~  ksA^kf- 

(4) 

for  donors  and  acceptors,  respectively.  For  any  light  harvesting  applications,  such  as  solar 
cell  applications,  it  is  desirable  that  both  Yeq  and  Yrq  parameters  are  large. 

From  classical  Marcus  electron  transfer  theory  [41-42],  the  electron  transfer  rate 
constants  may  be  simplified  as 

kdD-  AdD  exp[-(ED+  AdDf/4  AdD  kT] 

(5) 

ksD—AsD  SXp[-(AE+  Asd)^/4  AsDkT] 

(6) 

kr=Arexp[-(ED-AE  FArf/4  ArkT] 

(7) 

kdA=AdA  exp[-(EA+AdA)^/4  AdA  kT\ 

(8) 

ksA=AsA  exp[-(EA-ED+  AE+Asa)^/4  Asa  kT] 

(9) 

Ay=  (2nHy^/h)(  n/Ay  kTf^ 

(10) 

Where  y=dD,  sD,  r,  dA,  sA.  Hy  is  an  electronic  coupling  term  between  two  electron  transfer 
sites  and  can  be  estimated  from  molecular  energy  and  dipole  parameters  using  Mulliken- 
Hush  model  [41-45],  Ay  is  the  reorganization  energy  containing  contributions  from 
molecular  motions,  vibrations,  solvent  effects,  etc.,  and  can  be  estimated  from  molecular 

vibrational  spectroscopy  or  from  excitation/emission  spectroscopy  under  certain  conditions 
[41-45].  T  is  temperature  and  k  is  the  Boltzman  constant.  The  standard  free  energy  of  Ed 
and  Ea  can  be  estimated  from  spectroscopic,  electrochemical,  and  thermodynamic  analysis 
[41-45].  When  ground  and  photo  excited  states  free  energy  potential  wells  have  similar 
shapes,  the  following  apply  [36]: 


=  (h  Vi-h  V2)/2  (11) 

Ed  —  -  (hV]+hv2)/2  (12) 

AdA  =  (hv3-hv4)/2  (13) 

Ea=  -  (h  V3+h  V4)/2  (14) 


The  charge  separation  free  energy  AE  can  be  approximated  using  Weller’s  equation  [44-45, 
49]  and  may  be  simplified  as: 


AE  =  SE  +  Eb 


(15) 
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Where  the  driving  force  6E  is  the  frontier  orbital  (LUMO-LUMO)  energy  offset  between 
the  donor  and  acceptor  (negative  values),  and  Eb  (positive  values)  includes  all  counter¬ 
driving  force  terms,  mainly  electric  Coulomb  forces  that  need  to  be  overcome  in  order  to 
separate  the  exciton  into  a  stable  radical  ion  pair.  If  the  device  external  applied  electric 
fields  are  negligibly  smaller  then  the  exciton  binding  energy  or  the  frontier  orbital  energy 
offset,  and  since  the  exciton  binding  energy  is  generally  defined  as  the  energy  needed  to 
separate  an  intra-molecular  exciton  (D*  or  A*)  into  an  inter-molecular  electron-hole  radical 
ion  pair  (D'^A'),  Eb  therefore  can  also  be  approximated  as  the  exciton  binding  energy  [17]. 

The  donor  Exciton  Quenching  Parameter  EQP  can  thus  be  expressed  as: 


YeqD-  ksr/kdD  -  (Hst/Hduf  SXp  (Zeqo)  (16) 

Where  Zeqo  =  -(SE  +  Eb+Zsd)^/4  Xsd  kT+(ED+AdD)^/4  XdokT  (17) 

The  donor  Recombination  Quenching  Parameter  RQP  can  be  expressed  as: 

rqD  ~  kso/kf  =  (Hse/Hi)  (Zi/Aso)  EXp  (Zrqo)  (1^) 

Where  Zrqo  =-(SE  +  Eb  A^d  kT  +  (Ed  SE  -Eb  +  Arf/4  Ar  kT  (19) 

4.3)  Results  and  Discussion 


If  the  frontier  orbital  energy  offset  SE  is  set  as  variable,  for  demonstration 
convenience,  using  temperature  T=300K,  k=0.000086  eV/K,  and  calculated  (from  equation 
11-14)  and  estimated  RO-PPV  and  SF-PPV-I  data  of  Ed=  -2.6  eV,  Ea=  -2.7eV,  Eb  =  - 
0.4eV,  Asd-Asa=  0.2  eV,  Ar=  0.5  eV,  Ado  =  0.4eV,  AdA  =  0.6  eF  [29-34,  46-48],  and  arbitrary 
values  Hx=I  (x=sD,  dD,  sA,  dA,  r),  a  plot  of  normalized  Yeqo,  K,  and  Yrqo  versus  SE  are 
shown  in  Figure  21. 

As  Figure  21  shows,  when  frontier  LUMO  orbital  offset  SE  varies,  K,  Yeqo  and  Yrqo 
all  exhibit  their  own  maximum  values.  Using  dYeqn/dSE  =  0,  this  gives 

SEeqD  =  -Asd  -Eb  =  -0.6  eV  (20) 

which  corresponds  to  maximum  donor  exciton-charge  conversion. 

Using  BYrqc/d  SE  =0,  this  gives 

SErqD  =  [2+  ED/Ar]/(1/Arl/A,D)  -Eb  =  0.67  eV  (21) 

which  corresponds  to  a  maximum  kso/h  value. 

Using  d  k/dSE  =0  from  equation  (7),  this  gives 
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SEr  —  Ed  +  Ar-Eg - 2.5  eV  (22) 

As  can  be  seen  in  Figure  21,  the  fastest  photo-induced  charge  separation  occurs  at  - 
0.6  eV  when  the  RO-PPV/SF-PPV-I LUMO  offset  (driving  force)  equals  the  sum  of  charge 
separation  reorganization  energy  (0.2eV)  and  the  exciton  binding  energy  (0.4eV,  counter 
forces).  Also,  the  fastest  charge  recombination  occurs  at  a  LUMO  offset  of  -2.5  eV,  far 
away  from  optimum  charge  separation  offset  (-0.6  eV)  as  well  as  the  actual  RO-PPV/SF- 
PPV-I  offset  (-0.9  eV,  [32]).  Therefore,  charge  recombination  in  RO-PPV/SF-PPV-I  pair 
does  not  seem  to  be  of  a  major  concern  as  long  as  the  LUMO  offset  is  nearby  the  SEeqo- 
One  interesting  observation  was  that,  during  the  charge  separation.  Eg  represents  counter 
Coulomb  forces,  while  in  charge  recombination,  Eg  represents  driving  Coulomb  forces. 
Figure  21  shows  recombination  quenching  parameter  YrqD  (kst/kr)  does  not  reach  its 
maximum  until  0.67  eV,  i.e.,  at  a  positive  energy  offset.  At  this  positive  energy  offset,  the 
photo-induced  charge  separation  might  be  too  slow  to  be  attractive  for  efficient 
photovoltaic  function,  therefore,  the  SErqo  value  appears  not  important  in  this  particular 
case.  It  is  desirable  that  the  SErqo  is  coincident  with  or  close  to  SEeqo,  and  that  SEro  is  far 
away  from  SEeqo- 

Similarly,  for  acceptor,  the  exciton  quenching  parameter  (YeqA)  can  be  expressed  as: 
YeqA^  ksA/kdA  =  (HsA/Hd4)^ (A^/Asa)^^^  exp  (ZeqA)  (23) 

Where  ZeqA  —  -( EA-Eo+SE+Eg  +Asa)^/4  Asa  kT+(EA+AdA)^/4  AdAkT  (24) 
using  dYeqA/d  SE  =0,  this  gives 


SEeqA  =  Ed- Ea  -Asa  -Eg  =  -0.5  eV  (25) 

corresponding  to  the  most  effective  acceptor  photo-induced  charge  separation.  As  a  matter 
of  fact,  since  the  donor/acceptor  HOMO  offset  is  Ea-(Ed-5E)  (see  Figure  3),  from  equation 
(25),  this  means  most  effective  photo-induced  charge  separation  at  acceptor  occurs  where 
the  HOMO  offset  equals  the  sum  of  the  exciton  binding  energy  and  the  acceptor  charge 
separation  reorganization  energy. 

For  a  donor/acceptor  pair  where  both  can  harvest  light,  the  exciton  quenching 
parameter  for  the  pair  can  be  expressed  as 


Y zq(D+A)  YeqD  YeqA 


(26) 


using  dYeq(D+A/d  SE  =0,  this  gives 

SEeq(D^A)  =  [(Ei^Ea)/Am-2]/(1/Asd+1/Asa)  -  Eg  =  -0.55  eV  (27) 

The  exciton  quenching  parameters  Yeq(A),  Yeq(D)  and  Yeq(D+A)  versus  the  LUMO 
offset  are  plotted  in  Figure  22.  As  Figure  22  shows,  Yeq(D+A)  represents  an  overlap  area 
where  both  donor  and  acceptor  would  harvest  light  efficiently,  and  the  optimum  offset  is 
around  -0.55  eV.  The  actual  RO-PPV/SF-PPV-I  LUMO  offset  of  -0.9  eV  appears  a  little 
larger  then  this  optimum.  Further  improvement  of  photo-induced  charge  separation  can  be 
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achieved  via  either  reducing  the  LUMO  level  of  RO-PPV,  or  increasing  the  LUMO  level  of 
SF-PPV-I  via  molecular  engineering. 

Likewise,  the  charge  recombination  quenching  parameter  for  acceptor  can  be 
expressed  as: 

YrqA  ~  ^sA^kr  ~  (HsA/Hr)  (^^a)  ^Xp  (^rgA)  (28) 

Where  ZrqA  =  -(Ea-Ed+  5E+EbFZsa)^/4  Aja  kT  +  (Ed-SE  -  Eb  +  Xrf/4  Ar  kT  (29) 

Using  dYrq(A/d  SE  =0,  this  gives 

dErq(A)  =  [2+(Ea-Ed)/Asa  fEd/AJ/O/At-I/Asa)  -Eb  =  0.83  eV  (30) 

This  corresponds  to  a  largest  k/kr  ratio  for  light  harvesting  at  SF-PPV-I  acceptor. 

For  both  donor  and  acceptor,  the  recombination  quenching  parameter  can  be  expressed  as: 
Yrq(D+A)  ~  k^Aksr/krkr  (31) 


Using  dYrq(D+A/d  SE  =0,  this  gives 


SErq(D^A)  =  [4+(Ea-Ed)/Asa  +2Ei/Ar]/(2/Arl/AsD-l/AsA)  -Eb  =  0.75  eV  (32) 

Again,  the  hybrid  SE  value  is  between  the  donor  and  acceptor  SE  of  highest  Yrq,  and 
the  positive  value  indicates  the  charge  separation  might  be  very  slow  at  this  offset.  The 
Yrq(D).  YrqfAj  and  YrqfD+Aj  vcrsus  SE  are  plotted  and  are  shown  in  Figure  23. 

When  energy  offset  SE  is  fixed  (e.g.,  at  its  optimum  value  of  -0.55  eV),  and  donor 
RO-PPV  charge  separation  reorganization  energy  (Asd)  is  varied,  as  Figure  24  shows,  the 
exciton  quenching  parameter  Yeq(D+A)  also  experiences  a  maximum  value.  Using 
dYeq(D+A)/dAsD  =0,  this  gives 


Asd  (where  Yeq(D+A)=  maximum)  =  [(SE+EB^+h^ff^  -  0. 1 3  eV  (30) 

This  result  implies  the  more  closer  the  charge  separation  reorganization  energy 
toward  0.13  eV,  the  larger  the  Ygqfo+A)  would  be. 

When  both  energy  offset  and  charge  separation  reorganization  energy  are  fixed 
(with  y?sD=0.13  eV),  and  charge  recombination  reorganization  energy  (Ar)  is  varied,  as  it 
shows  from  Figure  25,  the  cell  recombination  quenching  parameter  Yrq(D+A)  would 
experience  a  minimum  value.  Using  dYrq  (o+A/dAr  =0,  this  gives 

Ar  (where  =  minimum)  =  [(Ed-SE-  -  kT=2A2  eV  (31) 

This  result  implies  that  the  more  far  away  charge  recombination  reorganization 
energy  from  2.42  eV,  the  larger  the  Yrq(D+A)  would  be. 
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Like  in  any  modeling  or  simulation  studies,  the  numbers  used  here  may  not  be 
accurate  or  important,  rather,  it  is  the  trend  that  is  the  most  important  and  meaningful.  In 
order  to  further  examine  this  model  and  its  predictions,  a  series  and  systematic  experiments 
need  to  designed  and  performed.  For  Yeq  trend  tests,  when  a  donor  (or  acceptor)  is  fixed,  as 
SE  only  changes  ks  and  not  kd,  it  can  be  regarded  as  a  special  case  of  ‘Marcus  inversion’ 
case,  and  the  trend  has  already  been  verified  by  experiments  [41-42,  50].  For  Yr,  trend 
tests,  since  SE  will  change  both  ks  and  kr,  therefore,  a  series  donor/acceptor  pairs  where  a 
donor  (or  an  acceptor)  is  fixed  first,  and  then  a  series  acceptors  (or  a  series  of  donors)  with 
different  SE  in  relation  to  the  fixed  donor  (or  acceptor)  need  to  be  experimentally  evaluated 
for  their  charge  separation  and  recombination  rate  constants.  The  type  of  experiments 
described  in  Ref.  [50]  is  a  good  example,  though  no  charge  recombination  rates  and  related 
reorganization  energies  were  given.  In  these  experiments,  it  is  also  important  that  the 
molecular  structures  of  the  changing  acceptors  (or  donors)  are  similar,  so  that  the  Coulomb 
force  terms  (or  exciton  binding  energy)  and  reorganization  energies  are  similar,  and  that  the 
electronic  withdrawing  (or  donating)  strength  (or  SE)  would  be  the  only  or  major  variable. 
In  this  Avay,  SE  versus  the  the  Yrq  and  the  K  can  all  be  evaluated  at  the  same  time.  The 
overall  power  conversion  efficiency  of  the  solar  cell  is  expected  to  follow  Yeq  more  closely 
when  both  Yrq  and  kr  are  far  away  from  Yeq,  and  the  cell  efficiency  can  be  evaluated  at  the 
same  time,  provided  the  charge  transport  and  collection  at  electrodes  are  also  similar. 
Unfortunately,  these  type  of  experiments  have  not  yet  been  systematically  performed  (or 
are  not  able  to  be  performed)  at  the  moment  due  to  lack  of  suitable  materials.  Finally, 
additional  parameters  and  competing  processes  (such  as  other  electron  and  energy  transfer 
processes)  may  also  need  to  be  taken  into  account  in  order  to  have  a  more  accurate 
simulation.  Systematic  and  expanded  studies,  including  effects  fi'om  excitation  energy  gap 
changes,  experimental  case  studies,  etc.,  are  underway  and  will  be  reported  in  the  near 
future. 


5)  Conclusions  and  Future  Perspectives 

The  current  low  photoelectric  power  conversion  efficiencies  of  organic  photovoltaic 
materials  and  devices  can  be  attributed  mainly  to  the  ‘photon  loss’,  the  ‘exciton  loss’,  and 
the  ‘carrier  loss’  due  to  improper  donor/acceptor  energy  levels/offsets  and  poor 
morphologies  (spatial  geometries)  for  the  charge  carrier  generation,  transportation,  and 
collection  at  electrodes.  However,  high  efficiency  organic  photovoltaic  materials  and 
devices  can  be  achieved  via  optimization  in  both  space  and  energy/time  domains. 

For  optimization  in  the  spatial  domain,  the  key  is  a  donor/acceptor  phase  separated 
and  ‘bicontinuous’  morphology,  where  the  dimension  of  each  phase  should  be  within  the 
average  exciton  diffusion  length  (e.g.,  5-70  nm).  For  this  reason,  a  -DBAS-  type  of  block 
copolymer  system  and  its  potential  self-assembled  ‘tertiary’  supra-molecular  nano  structure 
has  been  designed  and  preliminarily  examined.  In  this  system,  along  the  carrier  transport 
direction,  it  is  ‘bicontinuous’  between  the  two  electrodes.  Yet,  in  the  plane  perpendicular  to 
the  carrier  transport  direction,  it  is  donor/acceptor  phase  separated  morphology  on  the 
nanoscale,  and  each  phase  diameter  is  within  the  exciton  drift  distance.  The  much- 
improved  PL  quenching  (from  less  then  70%  to  99%),  biased  conductivity  (two  orders  of 
improvement),  and  photo  conductivity  (two  fold  increase)  of  the  synthesized  -DBAB-  over 
the  simple  D/A  blend  system  is  attributed  mainly  to  morphology  (spatial)  improvement. 
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The  target  ‘tertiary’  nano  structured  photovoltaic  device  is  expected  to  improve  the 
photovoltaic  power  conversion  efficiency  significantly  in  comparison  to  existing  organic 
photovoltaic  devices  due  to  the  reduction  of  the  “exciton  loss”  and  the  “carrier  loss”  via 
three-dimensional  spatial  optimizations  (via  block  copolymer  supra-molecular  structural 
and  morphological  control). 

On  energy/time  domain  optimizations,  first  of  all,  the  optical  excitation  energy  gaps 
in  both  donor  and  acceptor  should  match  the  intended  photon  energy,  and  that  optimal 
donor/acceptor  energy  offsets  which  correspond  to  most  efficient  photo-induced  charge 
separation  should  be  identified  and  materialized.  Specifically,  in  electron  transfer  dynamic 
regime  and  based  on  Marcus  theory,  this  study  has  found  that,  there  exists  an  optimal 
donor/acceptor  energy  offset  where  exciton-eharge  conversion  is  most  efficient  (or  exciton 
quenching  parameter  EQP  reaches  its  maximum),  and  a  second  optimal  energy  offset  where 
charge  recombination  is  relatively  slow  eompared  to  charge  separation  (or  recombination 
quenching  parameter  RQP  beeome  largest).  If  the  maximum  RQP  is  too  far  away  from 
maximum  EQP,  then  this  optimum  RQP  is  insignifieant  as  the  eharge  separation  at  this 
maximum  RQP  might  be  too  slow.  The  molecules  should  be  designed  and  developed  such 
that  the  maximum  RQP  is  elose  to  or  coincides  with  maximum  EQP.  There  also  exists  a 
third  energy  offset  where  charge  recombination  becomes  fastest.  The  molecules  should  be 
designed  and  developed  such  that  this  maximum  charge  recombination  is  far  away  from 
maximum  EQP.  For  a  donor/acceptor  binary  photovoltaic  system,  there  exists  a  fourth 
optimal  donor/acceptor  energy  offset,  where  the  EQP  product  of  both  donor  and  acceptor 
become  largest,  so  that  both  donor  and  acceptor  can  effectively  contribute  to  photo-induced 
charge  separation.  This  final  optimal  donor/acceptor  energy  offset  is  related  to  the  exeiton 
binding  energy,  the  optical  excitation  energy  gaps,  and  the  reorganization  energies  of  the 
charge  separation  of  both  donors  and  acceptors.  While  there  exist  a  desired  donor  (or 
aceeptor)  charge  separation  reorganization  energy  where  Yeq  has  maximum  value,  there  also 
exists  an  undesired  charge  recombination  reorganization  energy  value  where  Yrg  becomes 
minimum.  Both  the  desired  energy  offset,  the  desired  charge  separation  reorganization 
energy,  and  the  undesired  charge  recombination  reorganization  energy  values  are  critically 
important  for  molecular  structure  and  energy  level  fine  tuning  in  developing  high  efficiency 
organic  light  harvesting  systems,  including  organic  photovoltaic  cells,  photo  detectors,  or 
any  artificial  photo-charge  synthesizers/converters. 

II.  A  NEW  CROSSLINKABLE  NONLINEAR  OPTICAL  POLYMERS 

In  the  EO  (NLO)  polymer  project,  research  highlights  include  a  first  visible  light 
initiated  photolithographic  fabrication  of  an  NLO  polymer  thin  film  pattern  (Figures  26  & 
27).  The  significance  to  the  field  is:  Photo  crosslinked  polymer  system  is  an  ideal  system 
for  efficient  and  inexpensive  photolithographic  fabrication  of  waveguide  or  other  miero  or 
nano  structures  and  devices.  The  current  commercial  photolithography  microstructure 
fabrieation  protocol  typically  employs  short  wavelength  radiations  such  as  UV  light. 
Unfortunately,  many  organic  NLO  chromophores  have  been  found  chemically  sensitive  to 
UV  radiation.  Longer  wavelength  radiations,  sueh  as  visible  or  infrared  light  are  generally 
friendly  to  most  organie  NLO  chromophores.  Therefore,  development  of  photolithographic 
fabrication  protocols  employing  longer  wavelength  (including  two  photon  micro-structure 
fabrication)  become  an  important  research  area.  In  our  fumarate/DR-19  derivatized  NLO 
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polymer  system  (See  project  generated  Publication  #10  and  Thesis  #3  for  details),  for 
instance,  crosslinking  is  initiated  with  visible  light  from  a  regular  Halogen  Lamp  and  NLO 
chromophore  damage  was  not  observed.  In  a  typical  thermally  crosslinked  thin  film,  the 
SHG  signals  of  uncrosslinked  PDRFC  (or  PDRMA)  typically  start  to  drop  below  50“C,  yet 
for  the  crosslinked  ones,  the  SHG  signal  remains  stable  up  to  about  150°C  due  to 
chromophore  dipole  lock-in  as  reported  earlier.  Another  significance  of  this  system  is  that, 
unlike  many  previously  reported  crosslinked  NLO  polymers  that  typically  contains  NH/OH 
units  with  vibrational  overtone  absorptions  at  around  1550  nm,  our  NLO  crosslinking 
polymers  do  not  contain  NH/OH  units  which  make  it  very  attractive  in  1550  nm 
applications.  We  are  also  evaluating  the  possibility  of  a  two-photon  initiated  crosslinking 
NLO  polymer  system  (will  be  in  collaboration  with  Professor  Dalton  and  Professor 
Marder’s  groups),  since  the  two-photon  crosslinked  system  can  further  shift  the  radiation 
wavelength  to  the  longer  infrared  region,  and  that  the  two  photon  crosslinking  protocol  can 
directly  fabricate  the  desired  waveguide  pattern  without  the  need  of  multi-step 
photolithographic  fabrication  steps. 
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4.  FIGURES  AND  CAPTIONS 


D/A  Interface 


Figure  1.  A  schematic  comparison  of  a  classic  (a)  inorganic  and  (b)  organic  photovoltaic 
cell. 


-  Vaccum  Level  (E=0  eV) 

D/A  Interface 

D-LUMO  \ 


-  A-LUMO 

em 


A-HOMO 

(a)  (b) 

Figure  2.  Schematic  opto-electronic  transfer  processes  in  (a)  inorganic  and  (b)  organic 
photovoltaic  cell.  D-HOMO  refers  to  the  donor  highest  occupied  molecular  orbital,  and  D- 
LUMO  refers  to  the  donor  lowest  unoccupied  molecular  orbital,  A-HOMO  refers  to  the 
acceptor  highest  occupied  molecular  orbital,  and  A-LUMO  refers  to  the  acceptor  lowest 
unoccupied  molecular  orbital.  Ex  means  photo  excitation,  and  Em  means  photo  emission. 
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-j}  A-HOMO 
D/A  Interface 

Figure  3.  Scheme  of  molecular  frontier  orbitals  and  photo-induced  charge  separation  and 
recombination  processes  in  an  organic  donor/acceptor  binary  light  harvesting  system. 


Figure  4.  Scheme  of  standard  Gibbs  free-energy  potential  wells  of  photo-induced  charge 
separation  and  recombination  processes  in  an  organic  donor/acceptor  light  harvesting 
system. 
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Intra-chain  energy  level  schematic  diagram 
of  -DBAB-  type  block  copolymer 


Figure  7.  Scheme  of  a  -DBAB-  type  of  block  copolymer  relative  energy  levels. 


"Secondary  Structure" 


Figure  8.  Scheme  of  a  -DBAB-  type  of  block  copolymer  “secondary  structure”. 
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'HEX'  Columnar  Morphology 

Figure  9.  Scheme  of  a  -DBAB-  type  of  block  copolymer  “tertiaiy  structure”. 


LWFE 


SWFE 

(b) 

Figure  10.  Scheme  of  a  -DBAB-  type  of  block  copolymer  solar  cell  in  the  form  of  (a) 
columnar  structure  directly  sandwiched  between  two  electrode  layers  and 
(b)  with  terminal  asymmetric  active  materials  layers. 
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Figure  11.  Schematic  energy  diagram  of  a  ‘HEX’  tertiary  block  copolymer  solar  cell  in  (a)  open  circuit 
situation  and  (b)  short  circuit  situation. 
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CHO 


B=Bridge  Unit 


(b) 

Figure  12.  -DBAS-  type  conjugated  block  copolymer  system  already  studied  with 
(a)  a  diamine  bridge  unit  and  (b)  a  dialdehyde  bridge  unit. 
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Figure  13.  UV-VIS  absorptions  of  RO-PPV  (Donor),  SF-PPV-I  (Acceptor)  and  -DBAB- 
in  dichloromethane  dilute  solution. 


Figure  14.  PL  emissions  of  RO-PPV  (D),  SF-PPV-I  (A),  and  -DBAB-  in  dichloromethane 
dilute  solution.  The  PL  intensity  (y-axis)  is  arbitrary. 
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Time  (psec) 

Figure  15.  PL  Emission  Dynamics  of  RO-PPV  (Donor),  SF-PPV-I  (Acceptor),  and  - 
DBAB-  in  dichloromethane  dilute  solution. 


Figure  16.  UV-VIS  of  RO-PPV  (Donor),  SF-PPV-I  (Acceptor)  and  -DBAB-  films  on 
glass  substrates. 
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Figure  17.  PL  emissions  of  RO-PPV  (D),  SF-PPV  (A),  and  -DBAB-  in  thin  films  on  glass 
substrates.  The  PL  intensity  (y-axis)  is  arbitrary  for  better  view.  (Note:  the  spikes  at  470 
nm  and  510  nm  are  due  to  reflected  excitation  beam). 


m 


Figure  18.  PL  Emission  Dynamics  of  RO-PPV  (Donor),  SF-PPV-I  (Acceptor),  and  - 
DBAB-  in  films  on  glass  substrates. 


32 


Final  Performance  Report  for  AFOSR  Grant  #:  F-49620-01 -1-0485 


IV-Data  Comparison 


Voltage  Bias  (V) 


Figure  19.  Voltage  biased  electric  current  density  from  thin  films  of  -DBAB-  block 
copolymer  and  D/A  blend.  Both  films  have  the  same  materials  density,  same  thickness  and 
same  electrode  area. 


Figure  20.  Photo  current  comparisons  of  several  organic  thin  film  photovoltaic  cells. 
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Figure  21.  Donor  RO-PPV  exciton  quenching  parameter  {Yeq(D)=ks(D)/kd(D),  middle  solid 
curve),  charge  recombination  rate  constant  {Kr,  left  long  dashed  curve),  and  charge 
recombination  quenching  parameter  {Yrq(D)=ks(D)/kr(D),  right  short  dashed  curve)  versus 
LUMO  offset  of  RO-PPV/SF-PPV-I  pair. 


-  -  -YeqlD)  —  -  Yeq(A) - Yeq(D+A) 


Donor/Acceptor  Frontier  Orbital  Energy  Offset  (SE^eV) 


Figure  22.  Exciton  quenching  parameters  of  the  donor  RO-PPV  (left  long  dashed  curve), 
acceptor  SF-PPV-I  (right  short  dashed  curve),  and  their  product  Yeq(D)Yeq(A)  (middle  solid 
curve)  versus  the  frontier  LUMO  orbital  energy  offset. 
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.Yrq(D)  -  -  -  -YrqCA) - Yrq(D+A) 


Donor/Acceptor  Frontier  Orbital  Biergy  Offset  (SEfeV) 


Figure  23.  Charge  recombination  quenching  parameters  of  the  donor  RO-PPV  (left  long 
dashed  curve),  acceptor  SF-PPV-I  (right  short  dashed  curve),  and  their  product 
Yrq(D+A)=Yrq(D)Yrq(A)  (middle  soHd  curve)  versus  the  frontier  LUMO  orbital  energy  offset. 


Figure  24.  Exciton  quenching  parameter  Ycs(d+a)  of  RO-PPV/SF-PPV-I  pair  versus  donor 
RO-PPV  charge  separation  reorganization  energy. 
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Figure  25.  Recombination  quenching  parameter  Yrq(D+A)  of  RO-PPV/SF-PPV-I  pair  versus 
charge  recombination  reorganization  energy  of  {Af). 


PDRMA/PDRFC. 
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Figure  27.  First  Thin  Film  Pattern  Fabricated  from  Visible  Light  Crosslinking. 
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APPENDIX:  MATERIALS  SYNTHESIS  DETAILS 
A-1.  General  Information 

All  starting  materials,  reagents  and  solvents  were  purchased  from  commercial 
sources  (mostly  from  Sigma-Aldrich)  and  used  directly  except  noted  otherwise.  NMR  data 
were  obtained  from  a  Bruker  Avance  300  MHz  spectrometer  (TMS  as  reference). 
Elemental  Analysis  was  done  by  Atlantic  Microlab  Inc.  Polymer  molecular  weight 
analyses  were  done  using  a  Viscotek  T60A/LR40  triple-detector  GPC  system  with  mobile 
phase  of  THE  at  ambient  temperature  (Universal  calibration  with  polystyrene  as  standard). 
UV-VIS  spectra  were  collected  using  a  Varian  Gary-5  spectrophotometer.  Luminescence 
spectra  were  obtained  from  an  ISA  Fluoromax-3  luminescence  spectrophotometer.  For  the 
spectroscopic  measurement  of  polymer  solutions,  methylene  chloride  was  used  as  the 
standard  solvent.  FT-IR  data  were  obtained  from  a  Nicolet  Avatar  or  Bruker  IFS-66  IR 
spectrometer.  Polymer  films  were  prepared  from  spin  coating  or  drop  diying  via  0.2 
micron  filtered  methylene  chloride  polymer  solutions  on  the  pre-treated  glass  slides,  and 
the  films  were  typically  dried  overnight  in  heated  vacuum  oven  before  any  analysis.  The 
thermal  analysis  was  done  on  a  Perkin-Elmer  TGA6/DSC6/TMA7  system.  The 
electrochemical  data  was  obtained  from  a  Bioanalytical  (BAS)  Epsilon  100  CV  system.  In 
CV  measurements,  the  concentration  of  polymer  solutions  (in  methylene  chloride)  were 
typically  2mM,  and  the  salt  (Bu)4NPF6  concentration  was  O.IM.  Reference  electrode  was  a 
standard  Silver  electrode.  The  CV  scan  rate  was  lOOmV/s. 

For  the  final  -DBAB-  block  copolymer,  a  general  synthetic  scheme  for  the 
synthesis  of  the  polymers  (Figure  A-1)  is  as  follows:  In  scheme  (a),  one  molar  quantity  of 
acceptor  block  [A]  were  added  slowly  and  drop  wisely  into  access  amount  (more  than  two 
molar  quantity)  of  bridge  blocks  [B]  in  a  polar  aprotic  solvent  (such  as  dichloromethane) 
under  reflux  to  yield  B-A-B.  In  the  next  step,  B-A-B  was  reacted  with  about  equal  amount 
of  donor  (D)  block  yielding  final  donor/acceptor  block  copolymers. 


45 


Final  Performance  Report  for  AFOSR  Grant  #;  F-49620-0J -1-0485 


Excess  B 

D  - ^ - ►  B-D-B 

Excess  B 

A  - ^ - ►  B-A-B 


A 


-D-B-A-B- 


A  =  Acceptor  Block 


R  =  CioH21,R'  =  C2H5 

H2N-(CH2)p-NH2 

Bridge  Unit 

Figure  A-1 .  Synthetic  Scheme  of  the  block  copolymers. 
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A-2  Donor  Block  Synthesis 


5,  Donor  Block  (D) 

Figure  A-2.  Synthetic  Scheme  of  a  Donor  Block. 


In  the  synthesis  of  donor  block,  both  CgHi?  and  C10H21  were  used.  The  reaction 
conditions  and  scheme  are  similar.  Different  lengths  of  the  side  chain  were  proved  to  affect 
little  of  donor  block’s  opto-electronic  properties.  It  will  only  affect  the  physical  properties 
of  the  monomers  and  donor  block,  such  as  the  thermal  and  solubility  properties.  Below 
show  is  the  detailed  procedure  to  synthesis  the  donor  block  with  C10H21  side  chain. 


Step  (1)  Synthesis  of  l,4-Bis(decyloxy)  benzene  (compound  2). 
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K2CO3 

2  CH3(CH2)8CH2Br - ► 

Acetonitrile 


OC'|oH21 


OC10H21 


1 


2 


This  reaction  is  a  typical  Williamson  ether  synthesis  reaction.  A  suspension  of 
1,4-hydroquinone  1  (27.5  g,  250  mmol),  1-bromodecane  (155ml,  750  mmol),  and  K2CO3 
(104.0  g,  750  mmol)  in  acetonitrile  (500  ml)  was  heated  at  reflux  for  two  days  before  being 
poured  into  water  (600  ml).  The  precipitates  were  first  collected  by  filtration  and  the 
dissolved  in  a  minimum  of  hot  hexane.  Subsequently,  the  resulting  hot  solution  was  poured 
into  methanol  (600  ml)  to  precipitate  the  product.  The  precipitates  were  filtered  off  and 
dissolved  in  hot  hexane  (200  ml)  again.  Reprecipitation  of  resulting  solution  in  methanol 
then  gave  83.0  g  pure  product  2  as  a  white  solid  after  filtered  and  dried  under  vacuum  (85% 
yield).  Melting  Point  (m.p.)  is  65-68°  C.  'H  NMR  (CDCI3)  5  (ppm)  0.88  (t,  J  -  6.86  Hz, 
6H,  CH3),  1.27  (m,  12H,  OCH2CH2CH2(CH2)6CH3),  1.45  (m,  4H, 
0CH2CH2CH2(CH2)6CH3),  1.78  (quintet,  4H,  J  =  8.14  Hz,  OCH2CH2CH2(CH2)6CH3),  3.85 
(t,  J  =  6.40  Hz,  4H,  0CH2CH2CH2(CH2)6CH3),  6.82  (s,  4H,  aromatic). 

Notes: 


In  this  step,  excess  amount  of  1-bromodecane  and  K2CO3  were  used  to  the 
reaction  moves  forward  more  quickly  and  all  the  1,4-hydroquinone  was  reacted.  The 
excess  1-bromodecane  and  potassium  hydroxide  can  be  get  rid  of  by  pouring  the  reaction 
solution  into  the  water,  since  both  of  them  are  well  dissolved  in  water. 

The  color  of  the  reaction  solution  changes  from  bright  yellow  to  brown,  then  to 
black  at  the  end  of  reaction.  The  reaction  process  was  monitored  by  TLC  (Thin  Layer 
Chromatography,  a  mixture  of  Hexane  and  Ethyl  Acetate  with  ratio  2  to  1  as  solvent)  to 
ensure  the  reaction  is  complete. 
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Figure  A-3.  ’H  NMR  spectra  of  compound  2  (l,4-Bis(decyloxy)  Benzene). 

Step  (2)  Synthesis  of  2,5-Bis(bromomethyl)-l,4-bis(decyloxy)benzene 
(compound  3). 


9C10H21 

+ 

Y 

OC10H21 

2 


(CH20)n 


HBr 


CH3COOH 


To  a  suspension  of  2  (5.9  g,  15.1  mmol)  and  paraformaldehyde  (0.93  g,  31.0 
mmol)  in  acetic  acid  (50  ml)  was  added  HBr  (6.0  ml,  3 1  wt  %  in  acetic  acid)  all  at  once. 
This  mixture  was  then  heated  to  60-70  °C  with  stirring  for  2  h.  as  the  reaction  proceeded; 
the  suspension  changed  to  clear  solution  first  and  then  became  a  thick  suspension  again. 
After  cooling  to  room  temperature,  this  suspension  was  poured  into  water  (300  ml).  The 
precipitates  were  filtered  and  dissolved  in  hot  chloroform.  Re-precipitation  of  the  resulting 
solution  in  methanol  then  gave  3  (7.5  g,  86.1  %  yield)  as  a  white,  loose  solid  after  being 
filtered  and  dried  under  vacuum.  Melting  Point  (  m.p.)  is  70  °  C  ~  72  °  C.  ’H  NMR 
(CDCI3)  5  (ppm)  0.88  (t,  J  -  6.86  Hz,  6H,  CH3),  1.27  (m,  12H,  OCH2CH2CH2(CH2)6CH3), 
1.49  (m,  4H,  0CH2CH2CH2(CH2)6CH3),  1.81  (quintet,  4H,  J  =  8.14  Hz, 

0CH2CH2CH2(CH2)6CH3),  3.98  (t,  J  =  6.40  Hz,  4H,  0CH2CH2CH2(CH2)6CH3),  4.52  (s,  4H, 
CH2Br),  6.82  (s,  2H,  aromatic). 

Notes: 


Unlike  the  first  step  reaction,  in  this  step,  we  cannot  use  adding  more 
paraformaldehyde  to  make  the  reaction  goes  faster.  The  ratio  of  paraformaldehyde  to  1,4- 
Bis(decyloxy)  benzene  is  the  key  factor  to  control  the  final  products  structure.  If  the  ratio 
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is  higher  than  2.3,  then  both  di  and  tri  substitution  may  be  produced  at  the  end  of  reaction. 
That  means  in  addition  to  the  compound  3,  a  side  product  with  three  bromomethyl  groups 
on  the  benzene  ring  will  be  generated.  Since  compound  3  has  similar  structure  with  that  of 
the  side  product,  it  is  hard  to  separate  them.  Therefore,  the  only  way  to  avoid  this  side 
product  is  to  strictly  control  the  ratio  of  paraformaldehyde  and  l,4-bis(decyloxy)  benzene 
to  2.0  to  2.1. 

Also,  TLC  was  used  to  monitor  the  process  of  the  reaction  to  ensure  the 
completion  of  the  reaction. 


b 


Structure  of  2,5-Bis(bromomethyl)-l,4-bis(decyloxy)benzene  (compound  3). 
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c 


Step  3  Synthesis  of  2,5-bis(decyIoxy)-l,4-bis(triphenyl  phosphite)  benzene. 


BrHsC 


+ 


P(Ph)3 


A  suspension  of  compound  3  (0.576  g,  1.0  mmol)  and  triphenylphosphine 
(0.550  g,  2.1  mmol)  in  toluene  was  heated  at  reflux  for  3  h.  The  solvent  was  then  removed 
from  the  resulting  clear  solution  under  reduced  pressure.  The  resulting  residue  (compound 
4)  was  then  purified  by  passing  through  a  Gel  Chromatography  Column.  Melting  point 
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(  m.p.)  is  77  “  C  ~  79  “  C.  ’H  NMR  (CDCI3)  5  (ppm)  0.88  (t,  J  -  6.86  Hz,  6H,  CH3),  1.27 
(m,  12H,  0CH2CH2CH2(CH2)6CH3),  1.49  (m,  4H,  OCH2CH2CH2(CH2)6CH3),  1.81  (quintet, 
4H,  J  =  8.14  Hz,  0CH2CH2CH2(CH2)6CH3),  2.98  (t,  J  =  6.40  Hz,  4H, 
0CH2CH2CH2(CH2)6CH3),  5.31  (s,  4H,  CH2PPh3),  6.82  (s,  2H,  aromatic),  7.75  (  m,  30H, 
PPh3).  Elemental  analysis  result  is:  C  70.52%,  H  6.44%,  O  3.56%,  calculated:  C 
69.81%,  H  7.14%,  O  2.91%.  Also,  high  resolution  mass  of  compound  4  with  two  di 
ethoxy  phosphate  groups  shows  a  peak  at  690.7,  which  is  almost  the  same  with  calculated 
molecular  weight  (690.8). 


Notes: 

In  Step  (3)  to  synthesize  compound  4,  excess  amount  of  tri-phenyl  phosphite 
was  used  to  expedite  the  reaction.  The  extra  tri-phenyl  phosphite  can  be  get  rid  of  by 
washing  the  final  solid  with  methanol. 

The  monomer,  compound  4,  was  purified  by  passing  it  through  the  gel 
chromatography  column;  the  solvent  used  to  pass  the  column  is  the  mixture  of  hexane  and 
ethylacetate  with  ratio  1  to  2.  The  purified  final  monomer,  compound  4,  was  characterized 
by  elemental  analysis,  the  result  is  nearly  the  same  as  the  predicted  one.  When  passing  the 
compound  4  through  the  Gel  Chromatography  Column,  200  mesh  gel  was  used,  and  the 
solvent  is  the  mixture  of  Hexane  and  Ethyl  Acetate  with  ratio  2  to  1. 

In  addition  to  the  monomer,  compound  4,  with  two  tri-phenyl  phosphite  groups 
on  the  benzene  ring,  we  also  successfully  synthesized  monomer  with  two  di-ethoxy 
phosphate  groups.  The  procedure  is  similar.  And  since  the  tri  ethoxy  phosphite  used  to  do 
the  reaction  is  a  liquid  and  the  boiling  point  is  very  low,  so  no  solvent  is  necessary  to  do  the 
reaction.  This  is  so  called  neat  reaction  and  will  make  it  easier  to  purify  the  product.  .  ^H 
NMR  (CDCI3)  5  (ppm)  0.88  (t,  J  -  6.86  Hz,  6H,  CH3),  1.27  (m,  18H, 
0CH2CH2CH2(CH2)6CH3,  P0(0CH2CH3)),  1.49  (m,  4H,  OCH2CH2CH2(CH2)6CH3),  1.81 
(quintet,  4H,  J  =  8.14  Hz,  OCH2CH2CH2(CH2)6CH3),  3.23  (d,  J  =  6.40  Hz,  4H, 
0CH2CH2CH2(CH2)6CH3),  3.85  (d,  8H,  PO(OCH2CH3)),  4.05  (m,  4H,  CH2PO(OEt3)),  6.82 
(s,  2H,  aromatic). 
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b 


Structure  of  the  Monomer,  compound  4 


Figure  A-5.  'H  NMR  Spectrum  of  Compound  4. 
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Step  4  Synthesis  of  2,5-Bis(decyloxy)-l,4-bis[4-formyl-phenylenevinyIene] 
benzene  (donor  block  5). 

The  resulting  residue,  compound  4  (0.692  g,  1.0  mmol),  along  with  1,4- 
benzenedicarboxylaldehyde  (0.148  g,  1.1  mmol),  was  dissolved  in  methylene  chloride  (50 
ml).  To  this  solution  was  added  lithium  ethoxide  solution  (4.5  ml,  1.0  M  in  ethanol)  drop 
wise  via  a  syringe  at  room  temperature.  The  base  should  be  introduced  at  such  a  rate  that 
the  transient  red-purple  color  produced  upon  the  addition  of  base  should  not  persist.  The 
resulting  solution  was  allowed  to  stir  for  12  h  more  after  the  completion  of  base  addition. 
This  solution  was  then  poured  into  a  mixture  solvent  of  dilute  aqueous  HCl  and  methanol, 
adjust  the  PH  to  about  7.  The  precipitate  was  separated,  washed  with  water,  and  dried 
under  vacuum.  This  afforded  0.66  g  of  monomer,  donor  block  5  as  a  red  fluorescent  solid. 
The  Tg  of  a  donor  block  with  3  repeat  units  is  about  68°C. 


e  f  g  h 
Structure  of  Donor  Block  5 
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Figure  A-6.  NMR  Spectrum  of  5  (Donor  Block). 


Notes: 

In  Step  4  to  synthesize  the  Donor  Block,  the  final  polymer  was  characterized  by 
both  GPC  and  MALDI,  and  both  give  results  of  a  few  thousands  molecular  weight.  The 
MALDI  data  also  show  the  distribution  of  the  molecular  weight  that  will  be  discussed  later. 

In  the  synthesis  of  the  Donor  Block,  we  have  tried  different  reaction  conditions 
to  control  the  donor  block’s  molecular  weight,  thus  in  this  way,  we  can  control  the  length 
of  the  donor  block.  In  general,  we  use  two  ways  to  control  the  donor  block’s  molecular 
weight: 

The  first  way  is  to  control  the  two  reactants  ratio  of  Step  4.  Since  the  two 
reactants  of  Step  4  have  two  function  groups,  in  theory,  if  the  ratio  of  the  two  reactants  is 
1:1,  the  reaction  will  stop  until  it  is  large  enough  to  precipitate  out.  But  if  the  ratio  of  two 
reactants  is  not  1:1,  the  reaction  will  automatically  stop  at  the  certain  stage  with  the  final 
molecule  ending  with  the  excess  function  group.  For  instance,  the  two  reactants  we  used  in 
step  4  to  form  the  donor  block  are  2,  5-Bis[  triphenyl  phosphate]-!,  4-Bis(  decyloxy) 
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benzene  and  1,4-dialdyhyde  benzene,  if  we  use  excess  amount  of  1,4-dialdyhyde  benzene 
in  the  reaction,  then  at  the  certain  time  when  the  molecule  grew  to  certain  length,  all  the 
triphenyl  phosphate  were  used  up  and  the  reaction  will  stop  leaving  the  donor  block  ending 
with  two  aldehyde  groups. 

The  second  way  is  to  use  1:1  monomer  ratio  but  with  different  reaction 
conditions  to  control  the  block  size  growth  and  quench  the  reaction  with  a  terminating 
monomer  containing  desired  end  groups.  GPC  can  be  used  to  monitor  the  reaction  progress. 
For  instance,  when  the  donor  block  grew  to  the  desired  molecular  weight,  then  add  some 
more  2,  5-Bis[  triphenyl  phosphate]-!,  4-Bis(  decyloxy)  benzene  or  1,4-dialdyhyde 
benzene  to  terminated  the  reaction.  The  reaction  conditions  we  can  use  to  control  the 
reaction  are  reaction  temperature,  reaction  time,  the  solvent  used  to  do  the  reaction  and  the 
base  to  initialize  the  reaction.  Normally,  the  higher  the  reaction  temperature  is,  the  faster 
the  reaction  goes.  Also,  different  solvent  and  base  will  affect  the  reaction  speed. 

Table  A-1  lists  some  reaction  conditions  we  used  to  control  the  reaction,  and  the 
molecular  weight,  donor  block  length  and  the  average  number  of  repeat  unit  in  the  block 
(Cio  substituted  )  we  got  via  the  reaction  condition  control. 
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Reaction  Reaction  Condition  Mw  Average  #  of  Average  PD 

®  (monomer  4:  1,4-  (Dalton,  via  repeat  units  Size(nm) 
dialdyhybenzene)  GPC) 

30°C  for  24  hours  2250  4  4.8  2.2 

(1:1.10) 

30°C  for  24  hours  3300  6  7.2  2.7 

(1:1.05) 

80°C  for  24  hours  6500  12  14.4  2.9 

(l:1.05)(DMFas 

Solvent) 


Table  A-1 .  Donor  Block  Size  versus  Synthetic  Condition 
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A-3  Acceptor  Block  Synthesis 


11,  Acceptor  Block  (A)  o  or 

10 

Figure  A-7.  Synthetic  Scheme  of  an  Acceptor  Block  (SF-PPV-I). 


Step  1:  l-Ethoxy-4-ethylsulfanyl-benzene  (Compound  7). 

10  g  (0.08  mol)  of  4-Mercaptophenol  6  was  mixed  with  30  g  KOH  (excess)  in  240 
ml  acetonitrile  (CH3CN)  and  100  ml  distilled  water  in  a  500  ml  3-neck  round  flask.  After 
10  minutes  of  stirring,  an  ice  bath  was  used  to  cool  the  reaction  solution  to  4  "C,  then  30  ml 
bromoethane  (excess)  was  added  slowly.  The  reaction  was  kept  in  the  original  ice  bath 
without  adding  new  ice,  and  temperature  slowly  went  up  until  it  reached  to  room 
temperature.  Reaction  proceeded  till  TLC  test  (Hexane:  Ethyl  Acetate  =1:1)  showed  only 
one  spot  left  (about  24  hours).  After  the  reaction  was  stopped  and  cooled,  the  water  layer 
and  organic  layer  were  separated.  The  organic  layer  was  collected  and  directly  put  onto  a 
rotary  evaporator.  After  filtering  of  residue  solid  (KOH),  11. 7g  light  yellow  liquid  7  was 
obtained  (yield;  95%).  ^H  NMR  (CDCL3,  ppm):  7.30  (d,  2H,  phenyl),  6.85  (d,  2H,  phenyl), 
3.90  (m,  2H,  -OCH2),  2.95  (m,  2H,  -SCH2),  1.40  (m,  3H,  -CH3),  and  1.20  (m,  2H,  -CH3). 
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C10H14OS  FW=1 82.28.  Anal.  Calcd  for  C10H14OS:  C,  65.89;  H,  7.74.  Found:  C,  65.91;  H, 
7.74. 

Step  2:  l,4-Bis-bromomethyl-2-ethoxy-5-ethylsulfanyl-benzene  (Compound  8). 

5.0  g  (0.027  mol)  of  7,  5.0  g  para-formaldehyde  (CH20)n,  20  ml  HBr  (33  wt%  in 
acetic  acid),  and  60  ml  formic  acid  were  mixed  in  a  250  ml  3-neck  round  flask  under 
nitrogen  atmosphere.  The  mixture  was  stirred  and  heated  up  to  65  ®C.  A  white  solid 
precipitated  out  after  reacting  12  hours.  The  reaction  was  kept  total  24  hours  to  achieve 
white  solid  state.  After  the  reaction  was  stopped  and  cooled,  the  product  mixture  poured 
into  300  ml  water,  and  the  white  solid  8  was  collected  by  filtration  followed  by  re¬ 
crystallization  in  methanol  twice.  7.11  g  of  3  was  obtained  (yield:  71%).  'H  NMR 
(CDCL3,  ppm):  7.35  (s,  IH,  phenyl),  6.95  (s,  IH,  phenyl),  4.40  (s,  2H,  -CH2Br),  4.25  (s, 
2H,  -CH2Br),  3.90  (m,  2H,  -OCH2),  2.95  (m,  2H,  -SCH2),  1.40  (m,  3H,  -CH3),  and 

1.20  (m,  2H,  -CH3).  Ci2Hi6Br20S  FW=368.13.  Anal.  Calcd  for  Ci2Hi6Br20S:  C,  39.15; 

H,  4.38.  Found:  C,  39.29;  H,  4.42. 

Step  3:  [4-(Diethoxy-phosphorylmethyl)-5-ethoxy-2-ethylsulfanyl-benzyl]-phosphoric 
acid  diethyl  ester  (Compound  9). 

7.11  g  of  8  (0.00194  mol)  and  6.46  g  three  ethyl  phosphite  P(OEt)3  (0.0388  mol) 
were  mixed  together  directly  without  any  solvent  and  the  temperature  raised  to  120  °C. 
When  the  temperature  reached  80  °C,  3  started  to  melt.  A  shori  air-cooled  condenser  was 
used  to  allow  the  by-product,  bromoethane,  to  escape  from  the  system,  so  the  reaction 
could  be  completed  faster.  After  24  hours,  a  liquid  product  9  was  further  purified  by  high 
vacuum  to  remove  remaining  by-products.  9.35  g  of  9  was  obtained  (yield:  100%). 
NMR  (CDCL3,  ppm):  7.35  (s,  2H,  phenyl),  6.95  (s,  IH,  phenyl),  4.10-3.90  (m,  lOH,  - 
OCH2,  -P(0)0CH2-),  3.45  (d,  2H,  -CH2P-),  3.25  (d,  2H,  -CH2P-),  2.95  (m,  2H,  -SCH2-), 

I . 40  -  0.95  (m,  1 8H,  -CH3).  C20H36O7P2S  FW=482.5 1 .  Anal.  Calcd  for  C20H36O7P2S:  C, 
49.78;  H,  7.52.  Found:  C,  48.78;  H,  7.54. 

Step  4;  [4-(Diethoxy-phosphorylmethyl)-2-ethanesuIfonyI-5-ethoxy-benzyl]-phosponic 
acid  diethyl  ester  (Compound  10). 

9.35  g  (0.0194  mol)  of  9  and  100  ml  glacial  acetic  acid  was  heated  to  120  °C,  then  3 
g  H2O2  (50  %  in  water)  was  added  in  3  aliquots  (10  mins  each  time).  The  temperature  was 
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maintained  and  the  mixture  stirred  for  12  hours.  After  the  reaction  was  stopped,  acetic  acid 
and  excess  hydrogen  peroxide  were  removed  by  the  rotary  evaporation.  The  remaining 
liquid  was  further  purified  by  washing  with  aqueous  NaOH  solution  and  then  by  a  short 
column  (about  3  cm,  chloroform  was  used  as  solvent)  twice  to  remove  small  amount  of 
residue  acetic  acid.  ‘H  NMR  (CDCL3,  ppm):  7.98  (s,  IH,  phenyl),  6.95  (s,  IH,  phenyl), 
4.10-3.90  (m,  lOH,  -OCH2,  -P(0)0CH2-),  4.0-3.85  (m,  2H,  -CH2P-),  3.50-3.25  (m,  4H,  - 
CH2P-,  -SO2CH2-),  1.40-0.95  (m,  18H,  -CH3).  C20H36O9P2S  FW=5 14.51.  Anal.  Calcd 
for  C20H36O9P2S:  C,  46.69;  H,  7.05.  Found:  C,  46.84;  H,  7.04. 

Step  5:  SF-PPC-C2H5  having  C2H5  side  chain  (Acceptor  block  11). 

0.274  g  (2.02  mmol)  of  1,4-benzene  dicarboxaldehyde  and  1.00  g  [4-(Diethoxy- 
phosphorylmethyl)-2-ethanesulfonyl-5-ethoxy-benzyl]-phosponic  acid  diethyl  ester  10 
(1.99  mmol)  were  dissolved  in  50  ml  dry  THF,  and  0.44  g  (0.018  mol)  NaH  in  20  ml 
anhydrous  THF  was  added  drop  wise.  The  resulting  reaction  mixture  was  stirred  for  24 
hours  at  room  temperature.  After  reaction  was  stopped,  30  ml  methanol  was  added  to 
quench  the  excess  amount  of  NaH,  and  subsequently  poured  the  mixture  into  400  ml  water. 
A  bright  orange  colored  and  strongly  luminescent  solid  was  obtained  by  filtration.  After 
dried  in  vacuum  oven  at  60  °C  overnight,  0.52  g  of  11  was  obtained.  'H  NMR  (CDCL3, 
ppm):  8.20-7.90  (m,  phenyl-H),  7.70-7.50  (m,  phenyl-H),  7.40  (m,  vinyl-H),  7.20-7.00  (m, 
phenyl-H),  7.00-6.80  (m,  vinyl-H),  3.90  (m,  -OCH2-),  3.30  (m,  -SO2CH2),  1.20-0.95  (m,  - 
CH3). 


A-4.  The  Bridge  Block 

The  purpose  of  using  a  non-conjugated  bridge  block  is  to  separate  conjugated 
donor  block  from  the  acceptor  block.  This  will  make  the  electrons  and  holes  that  are 
separated  at  the  donor-acceptor  interface  more  difficult  to  recombine.  Also,  different 
bridge  block  will  affect  the  self-assemble  ability  as  long  as  the  solubility  of  the  final  block 
copolymers. 

Figure  A-8  shows  two  bridge  blocks  we  have  used  in  our  donor-bridge-acceptor 
block  copolymer  system.  The  dialdehyde  bridges  were  also  synthesized.  The  diamine 
bridges  were  purchased  from  commercial  sources. 
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H2N — C — C — NH2 

H2  H2 

(b) 

Figure  A-8.  Structures  of  Bridge  Blocks. 


NOTE: 

We  have  tried  to  couple  one  bridge  block  with  two  aldehyde  groups  (Bl)  and 
one  bridge  block  with  two  amine  groups  (B2).  From  table  2.2  shown  below,  one  can  see 
that  the  solubility  and  optical  properties  of  the  final  -DBAB-  block  copolymers  with  two 
different  bridge  unit  is  almost  the  same.  This  is  mainly  because  compared  to  the  donor 
block  and  acceptor  block,  the  bridge  block  is  relatively  small  to  affect  those  properties. 


H2N-CH2-CH2-NH2(B2) 

OHC-Ri-CHO  (Bl) 

X.ex  (nm) 

480 

490 

Xem  (nm) 

525 

528 

Solubility 

Good 

OK 

Table  A-2.  -DBAB-  Bloke  Copolymer  Properties  versus  Bridges. 
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A-5.  Block  Copolymer  Synthesis. 

.)  A  +  2B  —  B-A-B  ^  -(B-A-B-D)- 

!>)  D  +  2B-^  B-D-B  -(B-D-B-A)- 


Figure  A-9.  General  Synthetic  Scheme  of  Block  Copolymers. 

The  synthetic  strategy  of  the  final  donor-bridge-acceptor  block  copolymer 
involves  either  use  donor  block  or  acceptor  block  to  react  with  excess  amount  of  bridge 
block  to  form  the  intermediates  B-D-B  or  B-A-B,  then  acceptor  block  or  donor  block  was 
added  to  form  the  final  block  copolymer. 

For  example,  0.5  g  of  5  along  with  excess  amount  of  diamine  Bridge  Block 
were  dissolved  in  dry  Toluene  (50  ml).  The  mixture  solution  was  allowed  to  stir  for  48  h 
more  under  reflux.  This  solution  was  then  poured  into  500  ml  methanol;  the  precipitates 
were  collected  and  washed  with  water,  and  dried  under  vacuum.  The  B-D-B  and  the 
acceptor  block  11  (calculated  mole  ratio  is  between  1:1  and  1:2)  were  then  dissolved  in  50 
ml  dry  THF.  The  mixture  was  stirred  under  room  temperature  for  48  h  before  poured  into 
500  ml  methanol.  The  precipitates  were  collected  and  dried  under  vacuum  to  get  a  red 
fluorescent  solid,  the  final  donor-bridge-acceptor  block  copolymer. 

Notes: 

In  the  synthesis  of  the  donor-bridge-acceptor  block  copolymers,  very  dry 
solvent,  THF  or  DMF,  are  required.  If  the  solvent  was  not  dried  enough,  the  tiny  water  in 
the  solvents  may  kill  the  base,  which  acts  as  a  catalyst  in  the  reaction.  Therefore,  the 
reaction  may  go  very  slow  or  not  at  all. 

Even  though  the  diamine  bridge  is  a  liquid,  we  still  can  not  do  a  neat  reaction 
without  solvent.  That  is  because  the  boiling  point  of  the  diamine  bridge  is  well  below  the 
reaction  temperature.  And  the  solubility  of  the  donor  block  and  acceptor  block  in  diamine 
bridge  is  not  good. 
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Figure  A-10  is  the  ’H  NMR  spectra  of  the  final  block  copolymer  with  diamine 
bridge.  Compared  with  the  NMR  of  donor  block  and  acceptor  block,  the  aldehyde  peak, 
which  originally  appears  at  around  10  ppm  in  donor  block  and  acceptor  block’s  'H  NMR 
spectra,  became  too  weak  to  see.  Also,  other  peaks  that  shown  in  donor  block  and  acceptor 
block’s  ’H  NMR  spectra  can  be  found  in  that  of  the  final  tri-block  copolymer  and  the  'H 
peak  of  the  bridge  was  overlapped  by  those  alkene’s  peaks  of  donor  block  and  acceptor 
block.  ‘H  NMR  spectra  8  (ppm):  0.89  (s,  30H,  -CHS),  1.25  (m,  190H,  -CH2-),  3.82  (m, 
19H,  -OCH2-,  N-CH2-),  6.68  (s,  8H,  aromatic),  7.15(m,  20H,  -CH=CH-),  7.46  (t,  15H, 
aromatic).  The  ratio  of  the  protons  on  the  benzene  ring  and  the  aliphatic  protons  is 
somewhat  deviate  from  calculation.  Also,  the  aromatic  peaks  are  weak.  This  may  be 
caused  by  big  volume  of  the  final  block  copolymer  molecules  and  the  bulky  size  of  the  side 
chain  that  may  shield  the  protons  on  the  benzene  ring. 


Structure  of  Donor-Bridge-Acceptor  Block  Copolymer 
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^pi  1^ J  » J  Tn Jit, I*^*«M'* 
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11  10  9  8  7  6  5  4  3  2  1  0  DPrf 


Figure  A- 1 0.  'H  NMR  Spectra  of  a  Final  -DBAB-  Block  Copolymer. 

The  donor  block  and  acceptor  block,  as  well  as  the  BDB  and  BAB  block,  were 
soluble  in  THF,  while  the  synthesized  BDBA  block  copolymers  is  only  partially  soluble  in 
THF.  Most  notably,  while  the  donor  block  or  acceptor  block  were  light  yellow-reddish 
color  in  solid  state  with  very  strong  luminescence,  the  synthesized  final  donor-bridge- 
acceptor  block  copolymers  were  brownish  dark  color  in  solid  state,  and  was  very  weakly 
luminescence  as  will  be  discussed  in  later  section.  These  also  proved  the  successful 
coupling  of  donor  block,  bridge  block  and  acceptor  block. 

The  final  block  copolymers  were  characterized  via  NMR  as  well  as  GPC  and 
MALDI,  the  MALDI  results  shows  that  the  molecular  weight  of  the  donor-bridge-acceptor 
block  copolymer  is  almost  the  sum  of  the  donor  block  and  acceptor  block  (the  MW  of 
bridge  unit  can  be  neglected).  For  example,  from  GPC  analysis,  the  RO-PPV-CIO  sample 
has  an  average  molecular  weight  (Mw)  of  3300  (13  phenylenevinylene  monomer  units,  or  6 
repeat  units),  after  coupling  with  bridge  (CH2NH2)2  unit  and  SF-PPV-C2  of  molecular 
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weight  of  3000  (17  phenylenevinylene  monomer  units,  8  repeat  units),  the  measured 
molecular  weight  of  the  final  -DBAB-  block  copolymer  is  about  6500,  slightly  higher  then 
the  sum  of  the  donor  block  and  acceptor  block.  Both  GPC  and  MALDI  analysis  shows  a 
polymer  molecular  weight  corresponding  to  one  structure  unit  of  D-B-A-B.  Since  the  final 
block  copolymer  was  only  partially  soluble  in  THF,  and  that  filtering  (0.2  pm)  was  applied 
before  the  polymer  solution  was  analyzed  with  GPC,  therefore,  the  GPC  results  only 
reflected  the  soluble  part  of  polymer  sample.  There  might  be  higher  molecular  weight 
block  copolymers  that  are  not  soluble  well  in  THF  and  was  filtered  out.  MALDI  analysis 
also  confirmed  the  existence  of  at  least  a  -D-B-A-B-  unit.  Though  species  with  higher 
molecular  weight  than  -D-B-A-B-  were  not  obvious  in  MALDI  data,  however,  it  is  also 
possible  that  higher  molecular  weight  species  may  be  broke  down  during  laser  ablation. 
There  might  be  higher  molecular  weight  block  copolymers  that  were  not  soluble  in  THF 
and  were  filtered  out.  This  is  one  of  the  reason  we  prefer  to  use  -DBAB-  which  also 
include  more  repeat  units  instead  of  DBAB  that  indicates  only  one  such  unit. 
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